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Abstract 
A tunnel or corridor-like configuration (long and narrow space) often appears in 
various types of buildings as an important space for evacuation, such as corridors, 
underpasses and linked tunnels. As a passageway for emergency evacuation in fire, it has 
received large research attention in recent years. The present study focuses on the smoke 
sealing effectiveness of an air curtain based on this representative configuration in 
buildings. 
It is well-known that smoke is the most fatal factor in fires. A variety of smoke 
control methods have been proposed to prevent the smoke from causing a harmful 
environment for the building occupants in fire accidents. However, there are some 
shortcomings or limitations in the existing smoke control methods. Therefore, the air 
curtain as a new type of virtual smoke blocking method is investigated, which is expected 
to be an ideal way of blocking smoke dispersion effectively without interrupting the 
evacuation of people at the same time. However, at present, there is still a lack of clear 
design method and regulation for the use of air curtains as a smoke control system. 
Therefore, it is of great important to study the sealing effectiveness and the main 
parameters that affect the performance of air curtains for smoke blocking. 
Based on the planar jet and duct flow theory, the numerical simulation capabilities 
of the Fire Dynamics Simulator (FDS 6) for planar air curtain flows and related flows 
from straight rectangular ducts are assessed systematically. Small-scale experiments 
carried out were successfully reproduced by numerical simulations, which verified the 
reliability of using FDS in simulating the phenomenon of smoke blocking by air curtain 
flow. Then through the combination of small-scale experiments and FDS numerical 
simulations, the sealing effectiveness of air curtain and its most influential factors were 
studied. The ‘near-field’ and ‘far-field’ regions of the air curtain flow are discussed. The 
reliability of FDS simulations is further verified by comparison with the empirical 
formula, experimental data and simulation data. 
The study of ‘near-field’ region of the air curtain flow mainly deals with the impact 
of the inlet boundary condition, orifice configurations and the acquisition of the turbulent 
parameters at the nozzle from a duct flow simulation. Investigation of different orifice 
configurations (W = 2 cm width, variable span-wise length), including calculations inside 
a straight square duct (2 cm x 2 cm, with variable length) ahead of the air orifice, reveals 
a small vena contracta effect when the orifice is flush with a solid boundary, leading to 
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an acceleration of the flow in the symmetry plane in the near-field region. The vena 
contracta effect disappears if a co-flow at the nozzle exit is aligned with the jet issued 
from the duct. More important is the effect of the duct length (precursor domain length, 
serving as method to generate inflow turbulent conditions for the main computation): 
imposing a top hat velocity profile, a sufficiently long duct (i.e., L = 20W) is required for 
the flow to become fully developed at the orifice. The CFD results confirm an analytical 
correlation for the entrance length as function of the Reynolds number, provided the duct 
width is used as characteristic length scale. Using a sufficiently fine mesh, i.e., 10 cells 
across the characteristic dimension of the nozzle, the evolution of the mean and RMS 
stream-wise velocity along the centerline, as well as their profiles across the nozzle width, 
are shown to be captured accurately in the CFD results.  
The research on the ‘far-field’ region of the air curtain flow mainly involves the 
impact of grid resolution, synthetic turbulent inflow boundary conditions and sub-grid 
scale eddy viscosity models. The results show that the impact of turbulent viscosity model 
is noticeable, but not of primary importance for the flow at hand, provided that a 
sufficiently fine computational mesh is used. The FDS results successfully reproduce the 
planar jet flows, both in terms of mean variables and second-order statistics. ‘Reference’ 
results have been obtained with a fully developed turbulent flow emerging from a long 
inlet duct. By reducing the inlet duct length and applying the Synthetic Eddy Method 
(SEM) at the inflow boundary condition, the ‘reference’ results have been reproduced 
with a reduction in the computing times. However, care must be taken when choosing the 
parameters of SEM, in particular the number of eddies and their length scale. 
Next, a study has been conducted on the air curtain sealing effectiveness and its 
influential factors. In this part of the thesis, the effects of heat release rate (HRR), air 
curtain jet velocity, slot width and injection angle are discussed through a combination of 
small-scale experiments and FDS numerical simulation. A comprehensive quantitative 
analysis of the various influential factors is conducted. Three important dimensionless 
parameters that determine the performance of air curtains for smoke confinement are 
presented, i.e., the dimensionless momentum ratio R that characterizes the relative force 
between the air curtain and the smoke motion (as ceiling jet), the dimensionless shape 
factor AR (AR=W/L) that characterizes the dilution effect of the air curtain jet and the 
injection angle θ that characterizes the horizontal force of the air curtain. The results 
show that for a certain air curtain slot width and injection angle, the equivalent smoke 
sealing effectiveness can be achieved for different values of HRR and air curtain jet 
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velocity as long as the momentum ratio R is equal. With increasing momentum ratio R, 
the air curtain sealing effectiveness first increases rapidly, then remains nearly stable and 
finally slowly increases. An efficient momentum ratio is obtained at the point (𝑅𝑅𝑒𝑒𝑒𝑒 =10 − 15) at which the sealing effectiveness becomes stable after the rapid increase. At 
this moment the sealing effectiveness reaches the ‘optimum’ value. It is not recommended 
to apply higher values of R, since this leads to additional oxygen supply to the fire seat. 
To be noted, the processed data confirm results, obtained earlier from blind 
Computational Fluid Dynamics (CFD) simulations [1]. For a constant momentum ratio 
R, the sealing effectiveness increases with jet angle and reaching a plateau at 30 °. Thus, 
for situations where the fire location can be pre-determined to be only at one side of an 
air curtain, a non-vertical air curtain with a jet injection angle of 30 ° is recommended. 
Yet in most of the cases the fire location cannot be pre-determined. Therefore, the present 
study focuses more on the vertical downward air curtain. For a constant momentum ratio 
R, the sealing effectiveness increases with nozzle width (shape factor AR). Thus, a further 
study was conducted, focusing on the influence of shape factor AR on the average sealing 
effectiveness 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚  obtained at the effective momentum ratio 𝑅𝑅𝑒𝑒𝑒𝑒  for a vertical 
downward air curtain. It shows that the relationship between the average sealing 
effectiveness 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚  and the shape factor AR is exponential: 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 = −0.29 +1.27（1 − 𝑒𝑒−6.9𝐴𝐴𝐴𝐴） . Then, the air curtain shape factor AR can be calculated by the 
expected smoke sealing effectiveness so as to determine the air curtain slot size.  
Based on the comprehensive analysis of the main parameters that affect the 
performance of air curtain for smoke blocking, the air curtain engineering application was 
briefly discussed. 
 
Keywords: Air Curtain, Sealing Effectiveness, Smoke Control, Tunnel Configuration 
FDS, SEM 
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Samenvatting 
Een configuratie van het type tunnel of gang (lange en smalle ruimte) komt vaak 
voor in verschillende types gebouwen als een belangrijke ruimte voor evacuatie, zoals 
gangen, ondergrondse doorgangen en verbonden tunnels. Als toegangsweg voor 
noodevacuatie in geval van brand heeft het de voorbije jaren grote belangstelling genoten. 
Onderhavige studie richt zich op de effectiviteit van een luchtgordijn op vlak van het 
blokkeren van rook, gebaseerd op deze representatieve configuratie in gebouwen. 
Het is genoegzaam bekend dat rook de dodelijkste factor is in branden. Een 
verscheidenheid van rookbeheersingsmethoden zijn voorgesteld om te verhinderen dat 
rook een schadelijke omgeving creëert voor de aanwezigen in een gebouw bij 
brandincidenten. Er zijn echter enkele tekortkomingen of beperkingen in bestaande 
rookbeheersingsmethoden. Daarom wordt het luchtgordijn onderzocht als een nieuw type 
van virtuele methode om rook te blokkeren, aangezien het verwacht wordt een ideale 
manier te zijn om de verspreiding van rook effectief te blokkeren zonder tegelijkertijd de 
evacuatie van personen te blokkeren. Tot op vandaag ontbreekt het evenwel aan een 
duidelijke ontwerpmethode en regelgeving voor het gebruik van luchtgordijnen als 
rookbeheersingssysteem. Daarom is het van groot belang om de effectiviteit te bestuderen 
van het blokkeren van rook met behulp van luchtgordijnen, alsook de voornaamste 
invloedsparameters op de prestatie hiervan.      
Op basis van de theorie van de vlakke straal en de kanaalstroming worden de 
mogelijkheden van de numerieke simulaties van de Fire Dynamics Simulator (FDS 6) op 
systematische wijze beoordeeld voor luchtstromingen van vlakke luchtgordijnen en 
gerelateerde stromingen uit rechte rechthoekige kanalen. Experimenten, uitgevoerd op 
gereduceerde schaal, werden met succes gereproduceerd door de numerieke simulaties, 
waardoor de betrouwbaarheid werd geverifieerd van het gebruik van FDS om het 
fenomeen van rookblokkering door middel van een rookgordijn te simuleren. Vervolgens 
werden door de combinatie van kleinschalige experimenten en numerieke simulaties met 
FDS de effectiviteit van het luchtgordijn op gebied van rookblokkering, alsook de 
voornaamste invloedsfactoren, bestudeerd. Zowel het ‘nabije gebied’ als het ‘verre gebied’ 
van de luchtgordijnstroming wordt besproken. De betrouwbaarheid van de FDS-
simulaties wordt verder geverifieerd door vergelijking met empirische formules, alsook 
met experimentele en numerieke gegevens.   
De studie van het ‘nabije gebied’ handelt voornamelijk over de impact van de 
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inlaatrandvoorwaarde, configuraties van de uitlaatmond en het verzamelen van de 
turbulente parameters bij de uitlaatmond, uitgaande van de simulatie van een 
kanaalstroming. Onderzoek van verschillende configuraties (W = 2 cm breedte, variabele 
lengte in de zijwaartse richting), inclusief berekeningen in een recht vierkant kanaal (2 
cm x 2 cm, met variabele lengte), toont een klein ‘vena contracta’ effect wanneer de 
uitlaatmond zich op gelijke hoogte met een vaste wand bevindt. Dit leidt tot een 
versnelling van de stroming in het symmetrievlak in het ‘nabije gebied’. Het vena 
contracta effect verdwijnt wanneer er een co-stroming is, evenwijdig met de straal uit het 
kanaal. Belangrijker is het effect van de lengte van het kanaal (lengte van 
‘precursordomein’, dat dient om turbulente inlaatvoorwaarden te genereren voor de 
berekeningen in het eigenlijke rekendomein): wanneer een ‘top hat’ snelheidsprofiel 
wordt opgelegd aan de inlaat, moet het kanaal voldoende lang (i.e., L = 20 W) zijn om 
een volontwikkelde stroming te garanderen aan de uitlaat van het kanaal. De CFD-
berekeningen bevestigen een analytisch verband voor de intredelengte van het kanaal als 
functie van het Reynoldsgetal, op voorwaarde dat de breedte, W, gebruikt wordt als 
karakteristieke lengteschaal. Wanneer een voldoende fijn rekenrooster wordt gebruikt, 
i.e., 10 cellen over de karakteristieke afmeting van de uitlaatmond, wordt aangetoond dat 
de evoluties van gemiddelde en RMS (‘root mean square’) waarden van snelheid over de 
centrale as, alsook hun profielen over de breedte van het kanaal, nauwkeurig worden 
weergegeven in de CFD-berekeningen.  
Het onderzoek naar het ‘verre gebied’ van de luchtgordijnstroming behelst 
voornamelijk de impact van de resolutie van het rekenrooster, kunstmatige 
inlaatrandvoorwaarden voor turbulentie en modellen voor de eddy-viscositeit op 
subgridschaal. De resultaten tonen dat de impact van de turbulente viscositeit zichtbaar 
is, maar niet van het hoogste belang is voor de bestudeerde stroming, op voorwaarde dat 
een voldoende fijn rekenrooster wordt gebruikt. De FDS-resultaten reproduceren op 
succesvolle wijze de stromingen van de vlakke straal, zowel op gebied van gemiddelde 
waarden als op niveau van tweede-orde statistieken. ‘Referentieresultaten’ werden 
bekomen met behulp van een volontwikkelde kanaalstroming die vanuit een lang 
inlaatkanaal stroomt. Door het inlaatkanaal minder lang te maken en de ‘Synthetic Eddy 
Method (SEM)’ te gebruiken aan de inlaatrandvoorwaarde, werden de 
referentieresultaten gereproduceerd met een vermindering in rekentijden. De SEM-
parameters moesten echter met zorg worden gekozen, in het bijzonder het aantal eddy’s 
en hun lengteschaal.       
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Vervolgens werd een studie uitgevoerd naar de invloedsfactoren op de effectiviteit 
van het blokkerend effect van een luchtgordijn. In dit gedeelte van de thesis worden de 
effecten van het warmtevermogen (‘Heat Release Rate’ – HRR), de snelheid van de straal 
van het luchtgordijn, de breedte van de gleuf en de injectiehoek besproken door middel 
van een combinatie van kleinschalige experimenten en numerieke simulaties met FDS. 
Er wordt een uitgebreide kwantitatieve analyse uitgevoerd van de verschillende 
invloedsfactoren. Twee belangrijke dimensieloze parameters die de prestatie van 
luchtgordijnen voor het blokkeren van rook bepalen, worden voorgesteld, met name de 
dimensieloze impulsverhouding R, die de relatieve kracht van het luchtgordijn en de 
rooklaagstroming (als plafondstroming), en de dimensieloze vormfactor AR (AR = W/L), 
die het verdunningseffect van de luchtgordijnstraal karakteriseert, en de injectiehoek θ, 
die de horizontale kracht van het luchtgordijn karakteriseert. De resultaten tonen aan dat 
voor een bepaalde breedte van de luchtgordijngleuf en een bepaalde injectiehoek de 
equivalente effectiviteit in rookblokkering kan worden bereikt voor verschillende 
waarden van HRR en snelheid van luchtgordijnstraal, zo lang de impulsverhouding R 
gelijk blijft. In functie van toenemende waarde van R neemt de effectiviteit van het 
luchtgordijn in het blokkeren van de rook eerst snel toe, is dan min of meer stabiel, en 
neemt vervolgens traag toe. Een efficiënte impulsverhouding wordt bereikt bij het punt 
waarbij de effectiviteit in blokkering stabiel wordt na de snelle stijging (𝑅𝑅𝑒𝑒𝑒𝑒 = 10 − 15). 
Op dit moment bereikt de effectiviteit in blokkeren de ‘optimale’ waarde. Het wordt niet 
aangeraden om hogere waarden van R toe te passen, omdat dit ofwel de effectiviteit in 
blokkeren vermindert, ofwel leidt tot extra zuurstoftoevoer naar de brandhaard. Het valt 
op te merken dat de verwerkte gegevens de resultaten zoals eerder bekomen uit blinde 
CFD-simulaties (CFD: Computational Fluid Dynamics) bevestigen [4]. Voor gegeven 
impulsverhouding R neemt de effectiviteit in blokkeren toe met de injectiehoek van de 
straal, tot een plateau wordt bereikt voor 30 o. Aldus wordt voor situaties waarbij op 
voorhand kan bepaald worden dat de positie van de brand maar aan één zijde van het 
luchtgordijn kan zijn, een niet-verticaal luchtgordijn aanbevolen met een injectiehoek van 
de straal van 30 o. In de meeste gevallen kan de locatie van de brandhaard evenwel niet 
op voorhand bepaald worden. Daarom richt de huidige studie zich meer op het verticaal 
neerwaartse luchtgordijn. Voor een constante impulsverhouding R neemt de effectiviteit 
van blokkeren toe met de breedte van de gleuf (vormfactor AR). Een bijkomende studie 
werd aldus uitgevoerd, met focus op de invloed van vormfactor AR op de gemiddelde 
effectiviteit van blokkeren (𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚), bekomen bij de effectieve impulsverhouding (𝑅𝑅𝑒𝑒𝑒𝑒) 
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voor een verticaal neerwaarts luchtgordijn. Dit toont dat het verband tussen 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 en 
vormfactor AR exponentieel is: 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 = −0.29 + 1.27(1 − 𝑒𝑒−6.9𝐴𝐴𝐴𝐴). Vervolgens kan 
de vormfactor van het luchtgordijn worden uitgerekend vanuit de te verwachten 
effectiviteit van rookblokkering om de breedte van de luchtgordijngleuf te bepalen.        
Op basis van de uitgebreide analyse van de belangrijkste parameters die een invloed 
hebben op de prestatie van het luchtgordijn om rook te blokkeren, werd de 
ingenieurstoepassing van het luchtgordijn kort besproken. 
 
Kernwoorden: Luchtgordijn, Effectiviteit van blokkeren, Rookbeheersing, 
Tunnelconfiguratie, FDS, SEM 
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Thesis Summary  
The thesis was written in Chinese originally. Thus, an extensive summary of the doctoral 
thesis is provided in English for the non-Chinese speaking jury members. The main goal 
of this thesis summary is to provide a comprehensive description of the essential elements 
and results of the research at hand, and how they are related to each other. For the sake 
of completeness, the thesis includes the published contents and unpublished contents, 
when this thesis was drafted. The contents already published in peer reviewed journals 
are summarized more briefly and included as appendix in this thesis. However, the 
contents that are not published yet will be summarized in more details. 
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1 Introduction 
The dangers of fire smoke are first described. Then, the motivation, objectives and 
outlines of the thesis are presented in this chapter. 
1.1 Motivation 
It is well-known that smoke is the most fatal factor in fires, and more than 80% of people 
killed in building fires were killed by toxic smoke [2, 3]. Smoke and heat control systems 
are an essential part of fire protection in the fire safety design of buildings. For instance, 
the pressurization of stairwells is a commonly used smoke control system in buildings. 
However, large air supply volumes are required [4]. Therefore, an air curtain could be a 
more efficient way of blocking smoke dispersion during fires. Moreover, compared to the 
traditional fire doors, another advantage of such virtual screens is the easy evacuation of 
people while still limiting smoke and heat transfer through the opening [5, 6].  
Though, the idea of using air curtains as smoke barriers is not new and has long been a 
subject of discussion between fire consultants, the only real case where an air curtain has 
been actually installed is in a road tunnel called the A86 West Underground Link-up of 
Paris, in France [7]. Furthermore, there is no data indicating how such systems should be 
designed [8] to optimize their efficiency. For example, there is a lack of information on 
the appropriate jet properties in terms of discharge velocity, injection angle and slot width. 
Therefore, it is of great important to study the sealing effectiveness and the main 
parameters that affect the performance of air curtains for smoke blocking. 
1.2 Objectives 
The main objectives of the current study are: 
1) Assessment of Numerical Simulation Capabilities of the Fire Dynamics 
Simulator (FDS 6) for Planar Air Curtain Flows. 
In this part, based on the planar jet and duct flow theory, the numerical simulation 
capabilities of the Fire Dynamics Simulator (FDS 6) for planar air curtain flows and 
related flows from straight rectangular ducts are assessed systematically. The ‘near-
field’ and ‘far-field’ regions of the air curtain flow are discussed. The main objective 
of this part is to provide practical guidance to engineers on how to simulate an air 
curtain, which is a technology used for smoke and heat control. The objective is thus 
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not to delve into theoretical developments, for example related to the Synthetic Eddy 
Method (SEM), but rather inform potential CFD (and more particularly FDS) users 
on several aspects that they need to be aware of when they simulate an air curtain. 
2) Study of the effectiveness of air curtains of variable parameters to block fire-
induced smoke in a tunnel configuration. 
In this part of the thesis, the effects of heat release rate (HRR), air curtain jet velocity, 
slot width and injection angle are discussed through a combination of small-scale 
experiments and FDS numerical simulation. A comprehensive quantitative analysis of 
the various influential factors is conducted. The object is to understand how the air 
curtain performance (sealing effectiveness) is influenced by the air curtain parameters 
and thus to provide practical guidance to engineers on how to design an air curtain 
system for smoke confinement.  
1.3 Outline 
Chapter 1 describes the dangers of fire smoke. It explains the motivation, objectives and 
outlines of the thesis. Chapter 2 introduces the physics of the free jet. The basic structure 
of the free turbulent planar jet and the flow characteristics of the jet flow are summarized. 
The experimental data of the planar turbulent jet studied in the past are summarized. 
Chapter 3 presents the small-scale experimental set-up. In Chapter 4, the assessment of 
numerical simulation capabilities of the Fire Dynamics Simulator (FDS 6) for planar air 
curtain flows based on the theoretical basis from Chapter 2 are presented. Subsequently, 
the effectiveness of air curtains of variable parameters to block fire-induced smoke in a 
tunnel configuration is studied in Chapter 5. The study in this part is conducted by the 
combination of FDS numerical simulations and small-scale experiments introduced in 
Chapter 3. Finally, in Chapter 6, the main conclusions of this work are summarized and 
plans about future work are presented. 
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2 Physics of the free jet 
The basic structure of the free turbulent planar jet and the flow characteristics of the jet 
flow are summarized. The experimental data of the planar turbulent jet studied in the past 
are summarized as well in this chapter. 
Air curtains can be considered as compartmentation devices, based on the discharge of a 
plane jet. The theoretical solution of the plane turbulent free jet is a statistically two-
dimensional flow [9-12] with dominant mean motion in the stream-wise (X) direction, jet 
spreading in the lateral (Y) direction and zero entrainment in the span-wise (Z) direction. 
Briefly, a free jet can be divided into three regions [13]: an ‘initial’ or ‘core’ region, a 
‘transition’ or ‘interaction’ region and a ‘developed’ or ‘self-similarity’ or ‘far-field’ 
region (Fig. 2.1).  
 
Fig. 2.1. A schematic view of the time-averaged flow field of a plane jet. Redrawn after 
Browne et al. (1984) [14]. 
In the core region, the centerline velocity remains constant, equal to the jet velocity at the 
nozzle exit. The turbulence intensity is constant as well. The length of potential core 
equals 4 to 6 times the jet thickness W. The transition region behind the core region 
extends from 6W to 20W. In this region the velocity starts to decay. Further downstream 
the flow reaches the self-similarity region, where normalized transverse profiles of 
(normalized) velocity are similar, independent of the distance X from the nozzle exit. The 
present study focus on the near-field region, i.e., the ‘initial’ or ‘core’ region.  
As shown in [11], the normalized transverse profiles of (normalized) velocity are similar 
4 
 
in the self-similarity region of a plane jet flow, i.e., they become independent of the 
distance X from the nozzle exit. The mean centerline velocity decay in the self-similarity 
region can be expressed as [11, 15]: (𝑈𝑈0,𝑐𝑐/𝑈𝑈𝑚𝑚)2 = 𝐾𝐾𝑢𝑢(𝑋𝑋𝑊𝑊 + 𝑋𝑋1𝑊𝑊)                          (2.1) 
where 𝑈𝑈0,𝑐𝑐 is the centerline mean exit velocity at the orifice outlet, 𝑈𝑈𝑚𝑚 is the centerline 
mean velocity, 𝐾𝐾𝑢𝑢 is the velocity decay rate, 𝑊𝑊 is the nozzle opening width and 𝑋𝑋1/𝑊𝑊 
is a normalized virtual origin. 
The jet growth rate is commonly expressed by its spreading rate, i.e., the growth rate of 
the half-width of the jet. The velocity half-widths 𝑦𝑦0.5𝑚𝑚 is the lateral distance from the 
centerline at which the local mean velocity 𝑈𝑈 is half the centerline value 𝑈𝑈𝑚𝑚.The jet 
spreads linearly with X [11, 15]: 
𝑦𝑦0.5𝑚𝑚/𝑊𝑊 = 𝐾𝐾𝑦𝑦(𝑋𝑋𝑊𝑊 + 𝑋𝑋2𝑊𝑊)                         (2.2) 
where 𝑦𝑦0.5𝑚𝑚 is the jet’s half-width, 𝐾𝐾𝑦𝑦 is the spreading rate of the jet and 𝑋𝑋2/𝑊𝑊 is 
another normalized virtual origin.  
Table 2.1 provides a literature summary of the plane jet centerline mean velocity decay 
and spreading rates with different Reynolds number based on the jet exit velocity and the 
slot width. However, in the attached paper II in the thesis, the Reynolds number was 
calculated based on the imposed velocity at the inlet and the hydraulic diameter. In both 
cases, the calculated Reynolds number of the present research is within the range of values 
provided in the literature and summarized in Table 2.1. The normalization velocities used 
in the literature were also summarized. To be noted, the ‘top-hat’ velocity profiles were 
used in the studies of Gutmark & Wygnanski (1976) [11] and Gordeyev & Thomas (2000) 
[16]. Thus, the different initial conditions are most probably responsible for the shift in 
the hypothetical origin and the slightly different rate of spread and decay of the jet [11].  
Based on the summarized data shown in Table 2.1, a summary of the evolution of 
centerline velocity with distance from orifice in the symmetry plane is shown in Fig. 2.2 
as well.  
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Table 2.1 Summary of the centerline mean velocity decay and spreading rate of planar 
jets as reported in the literature. 
Investigation 
Reference 
Decay Spread 
Re 
Aspect 
ratio, 
AR 
Normalizat
ion 
Velocity 𝐾𝐾𝑢𝑢 𝑋𝑋1 𝑊𝑊⁄  𝐾𝐾𝑦𝑦 𝑋𝑋2 𝑊𝑊⁄  
Jenkins & 
Goldschmidt 
(1973) [17] 
0.16 -4 0.092 3.33 14,300 24 Not mentioned 
Gutmark & 
Wygnanski 
(1976) [11] 
0.189 -4.92 0.097 -0.33 30,000 39 Top-hat profile 
Browne et al. 
(1982) [18] 0.165 4.17 0.112 3.08 7,700 20 
Centerline 
mean  
exit 
velocity, 
U0,c 
Hitchman et al. 
(1990) [19] 0.179 4.651 0.113 2.099 7,230 60 
Not 
mentioned 
Gordeyev & 
Thomas (2000) 
[16] 
0.22 -0.18 0.1 0.071 28,000 36 Top-hat profile 
Deo (2005) 
[14] 0.178 2.75 0.105 -1.48 7,000 
60 
Centerline 
mean  
exit 
velocity, 
U0,c 
Deo (2005) 
[14] 0.172 -0.4 0.098 -0.34 10,000 
Deo (2005) 
[14] 0.159 -0.67 0.088 -0.44 16,500 
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Fig.2.2. Evolution of the centerline velocity in the symmetry plane as reported in the 
literature. Curves drawn based on the data from 2000 onward. 
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3 Experimental set-up 
Reduced-scale experiments have been carried out to examine the influence of the jet 
properties on the sealing effect of the air curtain. Details of the experiments are described 
hereafter, including the experimental apparatus, fire source and air curtain set-up, 
instrumentation, experimental schemes and procedure and data processing. 
3.1 The experimental apparatus 
Figure 3.1 shows the reduced-scale model (3.00 m long, 0.32 m wide and 0.48 m high) 
used in this work. The model simulated a fire within a ‘corridor-like’ (or ‘tunnel-like’) 
compartment and the smoke propagating along the evacuation passageway. The entry and 
exit of the ‘tunnel-like’ enclosure are open to the outside. An air curtain was installed at 
the ceiling to block smoke spread to the downstream region. The tunnel (floor, ceiling 
and the frame) was constructed from 1.25 mm thick stainless steel. For visualization, the 
front and back faces of the tunnel were constructed from 5 mm thick anti-fire glass. 
 
Fig. 3.1. Photo of the test section being instrumented before testing. 
The fire source 
A Liquefied Petroleum Gas (LPG) gas burner with active flow control was employed to 
model a burning object. The diameter of the fire source is 16 cm with small nozzles 
scattered on the fire surface. The fire source is located on the floor at 0.5m away from the 
left opening of the fire compartment. Details of the positions are shown in section 2.4. 
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The main advantage of using a gas burner is the easily controllable heat release rate, via 
a fuel flow controller. The total heat release rate (?̇?𝑄) of the fire was determined from the 
heat of combustion (per unit volume) of the fuel (∆𝐻𝐻𝑐𝑐) and the volume flow rate of the 
fuel (?̇?𝑉), assuming a combustion efficiency (χ) of 100% [20-22]: 
?̇?𝑄 = χ ∙ ∆𝐻𝐻𝑐𝑐 ∙ ?̇?𝑉                           (3.1) 
LPG is a mixture of propane (C3H8) and Butane (C4H10). The heat of combustion per 
volume of LPG (41.1MJ/kg or 57.55 MJ/m3) was measured by the water flow calorimeter. 
Two fires with HRRs of 3.62 kW and 2.92 kW were considered. Figure 3.2 shows the 
porous gas burner (household type) and LPG flames used in this work.  
 
Fig. 3.2. Porous gas burner and LPG flame, 3.62 kW (left) and 2.92 kW (right). 
The air curtain 
As shown in Fig. 3.1, an axial fan was used to supply the air. The fan speed was controlled 
by the velocity controller (variable frequency drive, VFD). A plenum chamber was used 
to equalise the pressure for a more even distribution of velocity at the air curtain outlet.  
Different air curtain slots were constructed beforehand in order to be tested in the 
experiments. Three air curtain widths (W = 1 cm, 2 cm and 3 cm) were considered. A 
zoom-in photo of air curtain slot used in experiment is shown in Fig. 3.1.  
The air curtain velocities at different setting numbers of velocity controller (variable 
frequency drive, VFD) were measured by anemometer sensors (SWA 03+, 
omnidirectional probes) before the experiment. Four positions (at 1/5, 2/5, 3/5 and 4/5) 
across the length of the air curtain (in the centreline of the outlet) were measured. The 
measurement was repeated twice for each test. An average value was used as the maximal 
mean velocity of the air curtain along the centreline of the outlet. The velocity data is 
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presented in Table 3.1 as well.  
 
Fig. 3.3. Air curtain momentum (left) and mass flow rate (right) Vs setting number of 
VFD.  
Fig. 3.3 displays the variation of the air curtain momentum (𝜌𝜌𝑗𝑗𝐴𝐴𝑗𝑗𝑉𝑉𝑗𝑗2) and mass flow rate 
(𝜌𝜌𝑗𝑗𝐴𝐴𝑗𝑗𝑉𝑉𝑗𝑗) with different slot widths as a function of the fan frequency for several fire HRRs 
and slot widths. The air density (𝜌𝜌𝑗𝑗 ) is calculated based on the measured ambient 
temperature of each test shown in Table 3.1. The average velocity of the air curtain slot 
(𝑉𝑉𝑗𝑗) is calculated based on the measured maximum velocity at the center and the power-
law velocity profile [23] for fully turbulent flow from a slot.  
The results displayed in Fig.3.3, on the left, show that the air curtain momentum varies 
only with the fan frequency (and thus the fan power). For a fixed frequency, there is no 
variation in momentum with the HRR or the slot width, which confirms the accuracy and 
repeatability of the measured velocity data.  
The results displayed in Fig.3.3, on the right, show that, for a fixed fan frequency (and 
thus fixed momentum), the mass flow rate decreases as the slot width decreases. This 
effect will be discussed in more detail in Chapter 5.  
3.2 Instrumentation 
The main quantity recorded for the present experiment is the gas temperature. The 
temperature measuring system consists of 87 thermocouples and a data logging system. 
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The thermocouples were arranged to measure both the longitudinal smoke temperature 
distribution along the test section and the vertical temperature distribution of the smoke 
layer. 
K-type bare-bead thermocouples (Nickel-Chromium/Nickel-silicon) with a diameter of 
0.5 mm, a response time of less than 1 second and a measurement error less than 3% were 
used. All the thermocouples were connected to a data logging system with the data 
recorded every 5 seconds. Figure 3.4 shows the details of the thermocouple locations and 
spacing. 
 
Fig. 3.4. Sketch of thermocouple positions (Not drawn to scale) 
3.3 Experimental schemes and procedure 
The parameters of interest which may affect the sealing effect of air curtain are the fire 
HRRs, jet discharge velocity, jet discharge angle and air curtain width. The experimental 
schemes consist of two parts: 
The first part mainly focus on influence of HRRs, jet discharge velocity and air curtain 
width. As mentioned, for vertical downward air curtain, 2 fire HRRs (3.62 kW and 2.92 
kW) and 10 jet discharge velocities (0-7.72 m/s) for each of the 3 air curtain slots (W = 1 
cm, 2 cm and 3 cm) will be examined. Thus, in total 60 experiments were carried out in 
this part.  
The second part mainly focus on the influence of jet discharge angle. Based on the first 
part, taking HRR = 3.62 kW, air curtain slots (W = 3 cm) and jet discharge velocities (0-
4.47 m/s), the influence of jet discharge angle (0°, 15°, 30°, 45°) is discussed. Thus in 
total 30 experiments were carried out in this part.  
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In total, 90 small-scale experiments were carried out. The series of experiments are shown 
in Table 3.1.  
The experimental procedure was as follows: 
1) Start the data recording system for 30 s to record the ambient temperature;  
2) At 30 s, turn on the fire at pre-setting value of HRR immediately; 
3) At 240 s, turn on the air curtain at the pre-setting value of velocity immediately; 
4) At 660 s, first stop the fire, then at 780 s stop the air curtain, at 900 s stop the 
recording system. 
5) Start the next experiment after the fire compartment cooled down sufficiently to 
the ambient temperature. Repeat 1-5
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Table 3.1 (a) Overview of experimental tests for a vertical-downward air curtain. 
Test 
Slot 
width 
(cm) 
HRR 
(kW) 
Air 
curtain 
velocity 
(m/s) 
Ambient 
Temp. 
(oC) 
Air curtain 
momentum 
(10-3 kg m/s2) 
Ceiling jet 
momentum 
(10-3 kg m/s2) 
Ratio 
(R) 
1 
3 
3.62 
0.00 24.21 0.00  
5.64 
0.00  
2 0.98 23.93 6.50  1.15  
3 1.49 24.09 15.03  2.67  
4 1.94 24.13 25.47  4.52  
5 2.38 23.69 38.39  6.81  
6 2.81 23.96 53.46  9.48  
7 3.24 23.97 71.07  12.61  
8 3.66 24.14 90.64  16.08  
9 4.07 24.27 112.04  19.87  
10 4.47 24.15 135.20  23.98  
11 
2.92 
0.00 27.77 0.00  
5.04 
0.00  
12 0.98 28.21 6.41  1.27  
13 1.49 28.29 14.82  2.94  
14 1.94 28.28 25.12  4.99  
15 2.38 28.06 37.83  7.51  
16 2.81 28.51 52.66  10.46  
17 3.24 28.27 70.06  13.91  
18 3.66 28.38 89.37  17.75  
19 4.07 28.10 110.62  21.97  
20 4.47 28.20 133.38  26.49  
21 
2 
3.62 
0.00 29.90 0.00  
5.64 
0.00  
22 1.10  29.96 5.35  0.95  
23 1.74  29.88 13.40  2.38  
24 2.33  29.78 24.03  4.26  
25 2.88  29.98 36.70  6.51  
26 3.42  30.04 51.74  9.18  
27 3.95  30.40 68.93  12.23  
28 4.46  30.36 87.89  15.59  
29 4.98  30.26 109.62  19.44  
30 5.47  30.40 132.19  23.45  
31 
2.92 
0.00 27.58 0.00  
5.04 
0.00  
32 1.10  27.02 5.41  1.07  
33 1.74  26.84 13.53  2.69  
34 2.33  27.10 24.25  4.82  
35 2.88  27.04 37.06  7.36  
36 3.42  27.08 52.25  10.37  
37 3.95  27.82 69.52  13.81  
38 4.46  27.45 88.74  17.62  
39 4.98  27.94 110.46  21.94  
40 5.47  27.51 133.46  26.50  
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Continued 3.1（a） 
Test 
Slot 
width 
(cm) 
HRR 
(kW) 
Air 
curtain 
velocity 
(m/s) 
Ambient 
Temp. 
(oC) 
Air curtain 
momentum 
(10-3 kg m/s2) 
Ceiling jet 
momentum 
(10-3 kg m/s2) 
Ratio 
(R) 
41 
1 
3.62 
0.00 30.23 0.00  
5.64 
0.00  
42 1.42 30.11 4.44  0.79  
43 2.34 29.79 12.16  2.16  
44 3.22 30.11 22.95  4.07  
45 4.03 31.46 35.69  6.33  
46 4.80 30.95 50.86  9.02  
47 5.57 31.05 68.30  12.12  
48 6.27 31.11 86.75  15.39  
49 7.02 32.76 107.98  19.15  
50 7.72 32.89 130.64  23.17  
51 
2.92 
0.00 31.74 0.00  
5.04 
0.00  
52 1.42 31.92 4.41  0.88  
53 2.34 32.96 12.04  2.39  
54 3.22 32.38 22.78  4.52  
55 4.03 33.24 35.48  7.05  
56 4.80 33.57 50.43  10.01  
57 5.57 33.30 67.80  13.46  
58 6.27 33.71 86.02  17.08  
59 7.02 33.76 107.62  21.37  
60 7.72 33.69 130.30  25.87  
Noted: 1) The ceiling jet momentum is calculated from FDS；2) The momentum ratio R 
is calculated as air curtain momentum divided by ceiling jet momentum（See Section 
5.3）；3）Air curtain discharge angle θ = 0°。 
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Table 3.1 (b) Overview of experimental tests for non-vertical-downward air curtains 
Test Injection angle 
Air 
curtain 
velocity 
(m/s) 
Ambient 
Temp. 
(oC) 
Air curtain 
momentum 
(10-3 kg m/s2) 
Ceiling jet 
momentum 
(10-3 kg m/s2) 
Ratio 
(R) 
61 
15o 
0.00 27.90  0.00  
5.64 
0.00  
62 0.98 27.75  6.42  1.14  
63 1.49 28.28  14.82  2.63  
64 1.94 27.93  25.15  4.46  
65 2.38 28.34  37.79  6.70  
66 2.81 27.92  52.76  9.36  
67 3.24 28.07  70.11  12.43  
68 3.66 27.73  89.56  15.89  
69 4.07 27.16  110.96  19.68  
70 4.47 27.35  133.76  23.72  
71 
30o 
0.00 26.55  0.00  
5.64 
0.00  
72 0.98 26.34  6.45  1.14  
73 1.49 26.67  14.90  2.64  
74 1.94 26.80  25.24  4.48  
75 2.38 26.73  38.00  6.74  
76 2.81 27.59  52.82  9.37  
77 3.24 26.90  70.38  12.48  
78 3.66 27.32  89.68  15.91  
79 4.07 26.88  111.07  19.70  
80 4.47 27.01  133.91  23.75  
81 
45o 
0.00 25.86  0.00  
5.64 
0.00  
82 0.98 25.93  6.46  1.15  
83 1.49 26.22  14.92  2.65  
84 1.94 26.06  25.30  4.49  
85 2.38 26.02  38.09  6.76  
86 2.81 25.71  53.15  9.43  
87 3.24 26.01  70.59  12.52  
88 3.66 25.97  90.09  15.98  
89 4.07 26.03  111.38  19.76  
90 4.47 25.78  134.46  23.85  
Noted: Slot width W = 3 cm, HRR = 3.62 kW 
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3.4 Data processing 
In all experiments, a period of 15 mins (900 s) in total is covered. Both the temporal 
evolution and averaged values of recorded data will be analyzed. For obvious reasons, 
the flow field experienced strong fluctuations with the air curtain in operation. 
Nevertheless, a (quasi) steady-state situation [24] can be considered during the period of 
600-660s. All mean values processed in the experiments, averaging the results over this 
period.  
Fig. 3.5 shows the temporal evolution of temperature at 1cm below the ceiling at selected 
positions in different tests. Test 1 (Top: in the absence of air curtain) and Test 5 (Bottom: 
with activation of air curtain) are selected as representative profiles. The solid-black line 
(∆X = 0 m) shows the temperature of the thermocouple above the fire source. The dashed-
green line (∆X = 1 m) shows the temperature of the thermocouple below the air curtain 
slot. The dotted-red line (∆X = 0.8 m) and the dash-dot-blue line (∆X = 1.2 m) show the 
temperature of the thermocouple at the symmetric positions upstream and downstream 
the air curtain.  
A fast increase of temperature was observed when the fire was ignited at 30 s. Then the 
temperature increased slowly to a plateau at around 600 s for Test 1. For Test 5, an obvious 
decrease of temperature was observed when the air curtain was activated at 240 s. When 
the fire was turned off at 660 s, the temperature at the upstream of the air curtain drops 
suddenly. At 780 s, after stopping the air curtain, the temperature below the air curtain 
increases slightly. The evolution of the temperature fully reflects the experimental 
procedure aforementioned.  
In the absence of an air curtain, the flow field reached a (quasi) steady-state from 600-
700 s onwards. With the activation of the air curtain, the flow field generally reached the 
(quasi) steady-state faster, at around 400 s. To simplify the data processing, all the mean 
values processed in the experiments by averaging the results over the period of 600-660s.  
16 
 
Fig. 3.5. Temporal evolution of temperature at selected positions in different 
experiments. Top (Test 1), Bottom (Test 5) 
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4 Numerical modeling of planar air curtain flows 
Chapter 3 have presented the air curtain small-scale experiments. Unfortunately, 
measurement of ceiling jet velocity was not possible with the available hot-wire 
anemometer technique. Therefore, numerical simulations are needed to obtain 
complementary information on the detailed flow and temperature fields which are difficult 
to obtain in experiments with the available techniques. 
Before using the numerical simulations, their validity for the configurations at hand needs 
to be studied. Based on the theoretical basis introduced in Chapter 2, the assessment of 
numerical simulation capabilities of the Fire Dynamics Simulator (FDS 6) for planar air 
curtain flows (both in the near field and far filed regions) are presented in this chapter.  
4.1 Numerical modelling 
The Fire Dynamics Simulator (FDS), used in this thesis, is a Computational Fluid 
Dynamics (CFD) code for fire-driven fluid flows developed at the National Institute of 
Standards and Technology (NIST). FDS solves numerically a form of the Navier-Stokes 
equations appropriate for low-speed (Ma < 0.3) and thermally-driven flows with an 
emphasis on smoke and heat transport from fires [25]. 
4.1.1 Governing equations 
The set of conservation equations (Navier-Stokes equations) which can fully describe a 
flow is given below [26]: 
Conservation of mass: 
                                        (4.1) 
where 𝜌𝜌 is the density and 𝑢𝑢𝑖𝑖 is the velocity in the 𝑖𝑖 direction 
Conservation of momentum: 
      (4.2) 
where 𝑝𝑝 is the pressure, 𝜏𝜏𝑖𝑖𝑗𝑗 denotes the viscous stress tensor and gj is the gravitational 
acceleration. 
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Conservation of species: 
             (4.3) 
where where Jk,i and ?̇?𝜔k are the molecular diffusive mass flux and reaction rate of species 
k, respectively. 
Conservation of energy: 
                    (4.4) 
where h is the total enthalpy (sensible plus chemical), qi is the energy flux and ?̇?𝑄 is the 
radiative source term. 
4.1.2 Open boundary conditions 
An open boundary is where the fluid is allowed to flow into or out of the computational 
domain depending on the local pressure gradient. It is assumed that the quantity 𝐻𝐻 =
𝑝𝑝� 𝜌𝜌⁄ + |𝑢𝑢|2 2⁄  remains constant along a streamline. The Poisson solver for H requires a 
Dirichlet condition at an open boundary. The boundary value of H is given by the 
following expressions, depending on the direction of the flow across the external cell face: 
          (4.5) 
The bar over the velocity components indicates an average over the respective faces of 
the grid cell adjacent to the boundary. The subscript ∞ denotes user-specified far field 
velocity and density values. Typically, the far field velocity is zero, but for simulations 
involving an external wind, these values can be specified accordingly. 
4.1.3 Solid Boundary Conditions 
The solid walls in FDS are considered to be smooth and the near-wall treatment relies 
upon the wall models or wall functions. It aims to mimic the sudden change from 
molecular to turbulent transport close to the walls using algebraic formulations, without 
19 
 
the need of resolving the otherwise computationally expensive region of flow-field. The 
main theory follows a dimensional analysis based on the idea that the shear at the wall is 
constant. The wall models used in FDS for the velocity read: 
          (4.6) 
Where  = 0.41 is the von Kármán constant and B = 5.2,  is the non-
dimensional stream-wise velocity,   is the friction velocity,   is the 
viscous stress,   is the non-dimensional wall-normal distance and 
 is the viscous length scale. 
 
4.2 Near-field region of air curtain flow 
The results presented in this part have been published as a journal paper entitled 
‘Analysis of FDS 6 Simulation Results for Planar Air Curtain Related Flows from Straight 
Rectangular Ducts’. Please see Appendix A in more details. A brief summary is as follows: 
CFD results are discussed for jet flows through a straight square duct, which is an 
interesting configuration in the context of air curtain flows for smoke and heat control in 
buildings in case of fire. The CFD package FDS (Fire Dynamics Simulator), Version 6.0.1, 
is used. Special focus is given to the impact of the inlet boundary condition on the flow 
field in the near-field region. Investigation of different orifice configurations (W = 2 cm 
width, variable span-wise length), including calculations inside a straight square duct (2 
cm x 2 cm, with variable length) ahead of the air orifice, reveals a small vena contracta 
effect when the orifice is flush with a solid boundary, leading to an acceleration of the 
flow in the symmetry plane in the near-field region. The vena contracta effect disappears 
if the co-flow at the nozzle exit is aligned with the jet. More important is the effect of the 
duct length (precursor domain length, serving as method to generate inflow turbulent 
conditions for the main computation): imposing a top hat velocity profile, a sufficiently 
long duct (i.e., L = 20 W) is required for the flow to become fully developed at the orifice. 
The CFD results confirm an analytical correlation for the ratio of the entrance length to 
the hydraulic diameter of the duct as function of the Reynolds number, provided the duct 
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width is used as characteristic length scale. Using a sufficiently fine mesh, i.e., 10 cells 
across the characteristic dimension of the nozzle, the evolution of the mean and RMS 
stream-wise velocity along the centerline, as well as their profiles across the nozzle width, 
are shown to be captured accurately in the CFD results. 
Remarks and Corrections  
- Table 2: the mesh resolution of these cases are W/△=10. 
- Figure 8: the unit of dP/dx is Pa/m. 
- Figure 10: the Z and the Y axes are non-dimensionalized by respectively the length and 
width of the duct. 
- Figure 11: the unit of TKE is (m/s)2. 
 
4.3 Far-field region of air curtain flow 
The results presented in this part have been published as a journal paper entitled 
‘Assessment of Numerical Simulation Capabilities of the Fire Dynamics Simulator (FDS 
6) for Planar Air Curtain Flows’. Please see Appendix B in more details. A brief summary 
is as follows: 
Computational Fluid Dynamics (CFD) results are discussed for momentum driven planar 
jet flows, resembling configurations in use for air curtain in the context of smoke control 
in building fire. The CFD package Fire Dynamics Simulator (FDS) is used. Special focus 
is given to the impact of grid resolution, synthetic turbulent inflow boundary condition 
and sub-grid scale eddy viscosity models. The computational results are compared with 
summarized literature data. Investigation of different set-ups of inlet boundary conditions, 
including the inlet duct length, velocity profile and method of generation of turbulence at 
the level of the inflow, reveals that the inlet boundary condition is the most influential 
factor governing the flow downstream. The FDS results successfully reproduce the planar 
jet flows, both in terms of mean variables and second-order statistics. ‘Reference’ results 
have been obtained with a fully developed turbulent flow emerging from a long inlet duct. 
By reducing the inlet duct length and applying the Synthetic Eddy Method (SEM) at the 
inflow boundary condition, the ‘reference’ results have been reproduced with a reduction 
in the computing times of approximately 20%. However, care must be taken when 
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choosing the parameters of SEM, in particular the number of eddies and their length scale. 
The impact of turbulent viscosity model is noticeable, but not of primary importance for 
the flow at hand, provided that a sufficiently fine computational mesh is used. 
Remarks and Corrections  
- Equation (14): 𝑠𝑠𝑠𝑠 = 4𝑙𝑙𝑃𝑃𝑦𝑦𝑙𝑙𝑃𝑃𝑧𝑧  , where 𝑙𝑙𝑃𝑃𝑦𝑦 and 𝑙𝑙𝑃𝑃𝑧𝑧  are the eddy length scales in y and z 
directions. 
- Section 4.5: Side Boundary Conditions 
Figure 4.1 illustrates the entrainment along the spanwise direction. The entrainment 
velocities, i.e., the velocity component normal to the sidewall, open or periodic plane are 
shown in Fig.4.1 where the entrainment velocity normal to the sidewall is 0. For a periodic 
boundary, the entrainment velocity normal to the boundary fluctuates around 0. As 
expected, a relatively high entrainment velocity is observed for the open boundary. 
 
Fig.4.1 Spanwise velocity profiles at solid, open and periodic boundaries.
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5 Smoke sealing effectiveness of an air curtain in a tunnel 
configuration 
The validity of the FDS numerical simulation for planar air curtain flows has been 
confirmed in Chapter 4. Subsequently, the effectiveness of air curtains of variable 
parameters to block fire-induced smoke in a tunnel configuration is studied in this chapter. 
The study in this part is conducted by a combination of FDS numerical simulations and 
small-scale experiments. 
First, a blind simulation study is conducted. It is devoted to the analysis of the 
performance of an air curtain in the context of potential smoke blocking of fire-induced 
smoke in a reduced-scale tunnel configuration, using FDS (Version 6.0.1). It also serves 
as pre-test predictions in preparation of small-scale experiments. 
Then, a set of small-scale experiments with its complementary FDS simulations (Version 
6.5.3) and an extensive simulation study with broader range of parameters are conducted. 
So, the blind simulation results can be first validated by the experimental results. 
Moreover, the performance of an air curtain for smoke confinement in a tunnel 
configuration can be further investigated thoroughly. 
5.1 A blind simulation study 
The results presented in this part have been published as a journal paper entitled 
‘Simulations of Smoke Flow Fields in a Wind Tunnel under the Effect of an Air Curtain 
for Smoke Confinement’. Please see Appendix C in more details. A brief summary is as 
follows: 
FDS (6.0.1) CFD simulation results of smoke flow and temperature fields in a wind tunnel, 
under the effect of an air curtain for smoke blocking, have been discussed. A range of air 
curtain inlet velocities and smoke inlet temperatures have been considered. 
The results have been presented in a non-dimensional manner, through the quantity R, 
expressing an ‘effective momentum ratio’, based on ratio of the vertically downward 
momentum of the air curtain to the horizontal momentum of the hot smoke layer 
underneath the ceiling at the position of the air curtain. 
The performance of an air curtain is expressed as the sealing effectiveness E. For small 
values of R, the sealing effectiveness E increases as the momentum ratio R increases. A 
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maximum air curtain sealing effectiveness is attained for R = 8–10 for the case at hand. 
It is not recommended to apply higher values of R, since this reduces the sealing 
effectiveness. For very high values of R the effectiveness increases again, due to dilution 
of the smoke that is pushed in the downward region. Note that high values of R can also 
lead to additional oxygen supply to the fire seat, due to the impingement on the floor, 
which can be hazardous in case of under-ventilated fires. 
The air curtain flow is deflected by the horizontal momentum of the smoke. The 
deflection becomes less for higher air curtain jet velocity, for a given level of smoke 
momentum (i.e., for given smoke inlet temperature, in a given geometry). Similarly, the 
deflection becomes more pronounced for higher smoke inlet temperature, given a certain 
air curtain velocity. Indeed, the higher smoke inlet temperature increases the horizontal 
momentum of the smoke layer, due to increased energy injection and increased buoyancy 
(and thus increased entrainment in the vertical smoke plume). 
Remarks and Corrections  
- The length scale to define the densimetric Froude number is the diameter of the round 
hot-smoke inlet which is 0.05m. 
- Figure 3: it is for the hot ‘smoke’ to reach the cross-section of X = - 0.3 m. 
 
5.2 Small-scale experimental and complementary simulation study 
The small-scale experimental set-up has been presented in Chapter 3. A qualitative and 
quantitative analysis of experimental results will be presented in this chapter (section 
5.2). Due to the limitation of the small-scale experiments, an extensive simulation study 
with broader range of parameters will be conducted in section 5.3. The results presented 
in section 5.2 and 5.3 will be submitted to a peer reviewed journal. Thus, a more 
comprehensive summary is as follows: 
5.2.1 General observations 
Influence of the air curtain velocity  
Figure 5.1 shows the mean smoke temperature distribution along the longitudinal 
direction at 1 cm below the ceiling (Test 1-10: HRR = 3.62 kW and W = 3 cm). It shows 
that without the activation of air curtain (0 m/s), the smoke layer temperature decreases 
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gradually with distance from the fire increases. With the activation of the air curtain, the 
temperature behind the air curtain at the same position was reduced compared to the case 
without the activation of air curtain. The reduction of temperature becomes stronger as 
the air curtain velocity increases.  
 
Fig. 5.1. Mean smoke temperature distribution along the longitudinal direction below 
the ceiling (Test 1-10: HRR = 3.62 kW and W = 3 cm). 
The influence of air curtain velocity on the temperature field within the compartment is 
visible. As demonstrated in [1] more back-flow with fresh air will move to the fire source 
as the air curtain velocity (or R) increases. This explains the decrease of temperature of 
upstream region close to the fire source for higher air curtain velocities.  
To be noted, this also illustrates the advantage of using a gas burner rather than a liquid 
pool fire for this study. Because the gas burner gives a constant HRR during the 
experiments without any influence from the air curtain. 
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Fig. 5.2. Profiles of mean smoke temperature at the upstream (Top) and downstream 
(Bottom) of the air curtain (Test 1-10: HRR = 3.62 kW and W = 3 cm). 
Figure 5.2 shows the mean temperature profiles at the upstream (∆X = 0.8 m) and 
downstream (∆X = 1.2 m) of the air curtain for different air curtain velocities. For both 
of the upstream and downstream, the temperature profiles become flatter (more even 
distribution of temperature) as the air curtain velocity increases. Indeed, with increasing 
air curtain velocity, the flow field becomes more mixed.  
However, the excess temperatures and temperature profiles in the downstream region are 
much lower and flatter than in the upstream regions, which demonstrates the sealing effect 
of the air curtain. This will be discussed in more details in the next section.  
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Influence of the Fire HRR 
The impact of fire HRR is more intuitive. Fire HRR will affect the ceiling jet temperature 
and velocity distribution. According to the study of Alpert [27] and Motevalli [28], the 
temperature and velocity of the ceiling jet are related to the fire HRR ?̇?𝑄, the tunnel height 
H and the distance r from the fire. Therefore, the momentum of the ceiling jet is a function 
of ?̇?𝑄, 𝐻𝐻, 𝑟𝑟, i.e., 𝜌𝜌𝑠𝑠𝐴𝐴𝑠𝑠𝑉𝑉𝑠𝑠2 = 𝑓𝑓(?̇?𝑄, 𝐻𝐻, 𝑟𝑟). Changing any of the fire HRR, the height of 
channel H and distance r from the fire can change the momentum of the ceiling jet. In 
order to facilitate the study, the ceiling jet momentum only changed by the fire HRRs in 
the present study. 
For injection angle of 0°, air curtain width W = 3 cm and jet velocity of 0 m/s, 1.49 m/s, 
2.38 m/s and 3.24 m/s, the mean smoke temperature distribution along the longitudinal 
direction at 1 cm below the ceiling is shown in Figure 5.3 for various HRRs. Figure 5.4 
shows the mean temperature profiles at the downstream (∆X = 1.2 m) of the air curtain 
for different air curtain velocities (Due to space limitations, we limit the discussion to the 
downstream area, i.e. the protection zone).  
As can be seen in Figures 5.3 and 5.4, when the air curtain velocity is 0 (i.e., the air curtain 
is not activated), the longitudinal temperature distribution and the vertical cross-section 
temperature distribution of the ceiling jet are higher for a larger fire HRR. This is 
consistent with the findings of Alpert [27] and Motevalli [28] that the temperature of the 
ceiling jet is proportional to the HRR. The results are also similar for the other jet 
velocities. Specific quantitative analysis will be discussed in detail in the next section. 
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Fig. 5.3 Mean smoke temperature distribution along the longitudinal direction below the 
ceiling (Test 1, 3, 5 and 7 Vs Test 11, 13, 15 and 17, W = 3 cm) 
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Fig. 5.4 Profiles of mean smoke temperature at the downstream of the air curtain (Test 
1, 3, 5 and 7 Vs Test 11, 13, 15 and 17, W = 3 cm) 
Influence of the air curtain width 
For injection angle of 0°, HRR = 3.62 kW and air curtain velocity of Vj ≈ 2.3 m/s, 
the influence of the air curtain width (Test 5, 24, 43) is illustrated in Fig. 5.5 and 5.6. The 
mean smoke temperature distribution along the longitudinal direction at 1 cm below the 
ceiling is shown in Figure 5.5. Figure 5.6 shows the mean temperature profiles at the 
downstream (∆X = 1.2 m) of the air curtain for different curtain width (Due to space 
limitations, we limit the discussion to the downstream area, i.e. the protection zone).  
It can be seen that, with other parameters being constant, the longitudinal and vertical 
smoke temperature distributions downstream of the air curtain decrease as the width of 
the curtain increases. The sealing effectiveness is enhanced with the increase of nozzle 
width. This is due to the fact that with other parameters being constant, an increase in the 
nozzle width will result in increased air curtain momentum and mass flow. Specific 
quantitative analysis will be discussed in detail in the next section.  
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Fig. 5.5 Mean smoke temperature distribution along the longitudinal direction below the 
ceiling (Test 5, 24, 43, HRR = 3.62 kW and Vj ≈ 2.3 m/s) 
 
 
Fig. 5.6 Profiles of mean smoke temperature at the downstream of the air curtain (Test 
5, 24, 43, HRR = 3.62 kW and Vj ≈ 2.3 m/s) 
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Influence of the air curtain angle 
Finally, the impact of air curtain injection angle is studied. For fixed fire heat release rate 
HRR = 3.62 kW, air curtain width W = 3 cm and the jet velocity of 1.49 m/s, 2.38 m/s, 
3.24 m/s and 4.07 m/s, the influence of different injection angles (Test 3, 5, 7 and 9 Vs 
Test 63, 65, 67 and 69 Vs Test 73, 75, 77 and 79 Vs Test 83, 85, 87 and 89) are shown in 
Figures 5.7 and 5.8. As can be seen from Figs. 5.7 and 5.8, the effect of injection angle is 
less affected when the jet velocity is smaller and more pronounced when the jet velocity 
is larger. In addition, the results from 0° and 15° are similar and results from 30° and 45° 
are similar. Overall, when the other parameters are fixed, for jet angle of 30-45°, the 
overall longitudinal and vertical temperature distributions are lower than 0-15°. Again, a 
specific quantitative analysis will be discussed in detail in the next section. 
 
 
Fig. 5.7 Mean smoke temperature distribution along the longitudinal direction below the 
ceiling (Test 3, 5, 7 and 9 Vs Test 63, 65, 67 and 69 Vs Test 73, 75, 77 and 79 Vs Test 
83, 85, 87 and 89, HRR = 3.62 kW and W = 3 cm) 
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Fig. 5.8 Profiles of mean smoke temperature at the downstream of the air curtain (Test 
3, 5, 7 and 9 Vs Test 63, 65, 67 and 69 Vs Test 73, 75, 77 and 79 Vs Test 83, 85, 87 and 
89, HRR = 3.62 kW and W = 3 cm) 
 
5.2.2 Sealing effectiveness and momentum ratio R 
Definition of the sealing effectiveness E 
The sealing effect (performance) of an air curtain, i.e., its ability to reduce the heat and 
mass transfer, can be assessed in terms of (local) sealing effectiveness 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑚𝑚𝑙𝑙. For the 
limitation of the number of thermocouples, the sealing effectiveness 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑚𝑚𝑙𝑙 is defined 
here locally compared to the previous definition [1], in terms of the difference between 
the overall temperature rise, ∆𝑇𝑇𝑉𝑉𝑗𝑗 , obtained from integration over the height of the 
tunnel in the downstream region of the air curtain, and the reference value, ∆𝑇𝑇𝑉𝑉𝑗𝑗=0 , 
when the air curtain is absent: 
𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑚𝑚𝑙𝑙 = 1 − ∆𝑇𝑇𝑉𝑉𝑗𝑗∆𝑇𝑇𝑉𝑉𝑗𝑗=0                           (5.1) 
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∆𝑇𝑇𝑉𝑉𝑗𝑗 has been calculated as: 
∆𝑇𝑇𝑉𝑉𝑗𝑗 = 1𝑍𝑍 ∫(𝑇𝑇𝑉𝑉𝑗𝑗(𝑧𝑧) − 𝑇𝑇𝑚𝑚𝑚𝑚𝑎𝑎)𝑑𝑑𝑧𝑧                    (5.2) 
where 𝑍𝑍  is the height of the tunnel over which the integrated temperature rise is 
calculated.  
In addition, for easy comparison purpose [1], define the mean sealing effectiveness of the 
air curtain 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 calculated as the average of the 𝑛𝑛 local sealing effectiveness 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑚𝑚𝑙𝑙: 
𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 = 1𝑚𝑚 ∑𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑚𝑚𝑙𝑙                             (5.3) 
Definition of the momentum ratio R 
For vertical downward air curtain, the momentum ratio R is defined as the ratio of the 
vertically downward air curtain momentum to the horizontal smoke layer momentum at 
the position of the air curtain [1]. 
𝑅𝑅 = 𝜌𝜌𝑗𝑗𝐴𝐴𝑗𝑗𝑉𝑉𝑗𝑗2/𝜌𝜌𝑠𝑠𝐴𝐴𝑠𝑠𝑉𝑉𝑠𝑠2                          (5.4) 
If the air curtain is discharged with an angle, the momentum ratio R is then calculated 
based on the vertical downward component of the total air curtain momentum to the 
horizontal smoke layer momentum at the position of the air curtain.  
𝑅𝑅 = 𝜌𝜌𝑗𝑗𝐴𝐴𝑗𝑗𝑉𝑉𝑗𝑗2𝑐𝑐𝑜𝑜𝑠𝑠𝑜𝑜/𝜌𝜌𝑠𝑠𝐴𝐴𝑠𝑠𝑉𝑉𝑠𝑠2                      (5.5) 
As mentioned, the sealing effect of an air curtain is influenced by the air curtain and 
ceiling jet properties. The air curtain can be characterized by the air curtain momentum 
𝜌𝜌𝑗𝑗𝐴𝐴𝑗𝑗𝑉𝑉𝑗𝑗
2𝑐𝑐𝑜𝑜𝑠𝑠𝑜𝑜, which includes all the parameters determining the strength of the air curtain 
flow (slot width, curtain velocity and injection angle). The ceiling jet can be characterized 
by the ceiling jet momentum 𝜌𝜌𝑠𝑠𝐴𝐴𝑠𝑠𝑉𝑉𝑠𝑠2, which also includes all the parameters determining 
the strength of the ceiling jet (𝜌𝜌𝑠𝑠𝐴𝐴𝑠𝑠𝑉𝑉𝑠𝑠2 = 𝑓𝑓(𝑄𝑄, 𝐻𝐻, 𝑟𝑟)). Thus, the influence from different 
factors can be expressed as a dimensionless quantity—momentum ratio R for the sake of 
convenience. In this way, all the influential factors can be studied essentially. 
Results in terms of E and R 
Figure 5.9 shows the relationship between the local sealing effectiveness 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑚𝑚𝑙𝑙  at 
different distances from the fire and the momentum ratio R for air curtain with different 
widths. Each figure includes six profiles with combinations of two parameters, i.e., HRRs 
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and different distances from the fire in the downstream region. 
In each figure the profiles from different HRRs are self-similar and overlap with each 
other, which means that an equivalent sealing effect of an air curtain under different HRRs 
is achieved as long as the momentum ratio R is equalized. 
Secondly, the local sealing effectiveness 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑚𝑚𝑙𝑙  varies with the location in the 
downstream region. Generally, a higher local sealing effectiveness 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑚𝑚𝑙𝑙 is obtained in 
the region closer to the air curtain. This may due to the impingement of air curtain on the 
floor and thus entraining smoke to the further downstream region.  
Thirdly, the local sealing effectiveness 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑚𝑚𝑙𝑙  is also strongly influenced by the air 
curtain velocity (or momentum ratio R). Especially for the small values of R, different 
locations in the downstream region experienced different process of development. This is 
due to the uneven temperature distribution in the downstream region. The three profiles 
in the downstream region reach a unity as the continuous increase of momentum ratio R. 
Indeed, a more even distribution of temperature in the downstream region is obtained for 
the case with higher value of momentum ratio R.  
However, high values of R are, in general, undesired because it can lead to additional 
oxygen supply to the fire seat, due to the impingement on the floor. This situation can be 
hazardous in case of under-ventilated fires. In each figure, local sealing effectiveness 
𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑚𝑚𝑙𝑙 in the downstream region reach a maximal value at around R ≈ 10. In other words, 
a momentum ratio of R ≈ 10 is recommended for the optimal sealing effect of a vertical 
downward air curtain. This is in line with the blind simulation results shown in section 
5.1 [1].  
Finally, comparing the sub-figures of Fig. 5.9 in a column, the influence of the slot width 
can be discussed. In each figure, all profile shapes from different slot widths are similar. 
However, the local sealing effectiveness 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑚𝑚𝑙𝑙 in the downstream region is higher with 
wider slot width. Which means, for the same value of momentum ratio R, a better sealing 
effect is achieved for a wider slot width. Another aspect is that for a constant momentum 
ratio R, less fresh air is injected as the width decreases (see Fig.3.3). In other words, a 
higher temperature is to be expected for smaller width, based on an energy balance. 
34 
 
 
Fig.5.9. Local sealing effectiveness 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑚𝑚𝑙𝑙 at different distances from the fire versus 
momentum ratio R for air curtain with different widths. 
More interesting, not only a lower local sealing effectiveness 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑚𝑚𝑙𝑙 is resulted for a 
narrower slot, but also an even worse situation can be resulted. In other words, a narrow 
slot with small value of width (e.g., W = 1 cm) can even deteriorate the sealing effect and 
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lead to more smoke being entrained to the downstream region (looking at the negative 
values of sealing effectiveness), which is the unfavourable situation that should be 
avoided. The influence of slot width will be investigated quantitatively in section 5.3.  
So far, the discussion has been restricted to the case of vertical-downward air curtain. As 
mentioned in Table 3.1(b), 3 other injection angles were investigated as well.  
 
Fig.5.10. Local sealing effectiveness 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑚𝑚𝑙𝑙 at different distances from the fire versus 
momentum ratio R for different injection angles. 
Figure 5.10 shows the relationship between the local sealing effectiveness 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑚𝑚𝑙𝑙 , at 
different distances from the fire, and the momentum ratio R for different injection angles. 
Similar to the vertical-downward air curtain, for non-vertical-downward air curtain with 
different injection angles, the maximum sealing effectiveness is also attained for R ≈ 10. 
However, R is calculated as the ratio of the vertically-downward component of the total 
air curtain momentum to the horizontal smoke layer momentum at the position of the air 
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curtain.  
To be noted, the maximum sealing effectiveness increases as the injection angles 
increases. This is due to the increasing horizontal component of air curtain momentum as 
the injection angle increases from 0° to 45° (The angle θ is shown in Fig. 3.4). The 
influence of injection angle will be investigated quantitatively in section 5.3.  
As mentioned, when using air curtain for fire-induced smoke confinement in a tunnel 
configuration under different fire HRRs with different set-up of air curtains (jet velocity, 
slot width and injection angle), the non-dimensional parameter (momentum ratio) R ≈ 10 
is recommended for a maximal sealing effectiveness. However, the attained value of 
maximal sealing effectiveness depends on the slot width and injection angle.  
Figure 5.11 shows the influence of slot widths (a) and injection angles (b) on the mean 
sealing effectiveness 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 . Where 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 is calculated as the average of the local 
sealing effectiveness 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑚𝑚𝑙𝑙 at different cross sections. Fig. 5.11 (a) and (b) confirm the 
previous finding that the mean sealing effectiveness 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 increases as the momentum 
ratio R increases, and a maximal sealing effectiveness is attained for R ≈ 10 for all cases 
with different slot widths and injection angles.  
More importantly, as shown in Fig. 5.11 (a), at a certain momentum ratio R, the mean 
sealing effectiveness increases as the slot width increases. This may due to the increase 
of air curtain mass flow rate for a wider slot width. (𝑅𝑅~𝑓𝑓(𝑊𝑊𝑗𝑗𝑉𝑉𝑗𝑗2), for 𝑅𝑅 = 𝑊𝑊𝑗𝑗1𝑉𝑉𝑗𝑗12 =
𝑊𝑊𝑗𝑗2𝑉𝑉𝑗𝑗2
2, if 𝑊𝑊𝑗𝑗1 > 𝑊𝑊𝑗𝑗2, then 𝑉𝑉𝑗𝑗1 < 𝑉𝑉𝑗𝑗2 and 𝑊𝑊𝑗𝑗1𝑉𝑉𝑗𝑗1𝑊𝑊𝑗𝑗2𝑉𝑉𝑗𝑗2 = 𝑉𝑉𝑗𝑗2𝑉𝑉𝑗𝑗1 > 1). Therefore, for a certain 
momentum ratio R, the increase on mean sealing effectiveness for a wider slot width is 
mainly contributed from the stronger dilution effect due to the increase of air curtain mass 
flow rate. This effect is not significant in increasing the performance of air curtain for 
smoke confinement. Indeed, the net-increase on mean sealing effectiveness drops in half 
from 20% to 10%, when increasing the slot width from 1 cm to 2 cm (100% growth rate) 
and from 2 cm to 3 cm (50% growth rate). Noted, a small scale slot width of 1 cm – 3 cm 
corresponds to a full scale width of 10 cm - 30 cm, if taking a geometrical scale-up factor 
of 10. 
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Fig. 5.11. Mean sealing effectiveness 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 versus the slot widths (a) and injection 
angles (b). 
Similarly, as shown in Fig. 5.11 (b), at a certain momentum ratio R, the mean sealing 
effectiveness increases as the injection angle increases. An abrupt net-increase on the 
mean sealing effectiveness (from 50% to 90%) is observed at increasing injection angle 
from 15 o to 30o. With further increasing the injection angle from 30 o to 45o, the net-
increase on the mean sealing effectiveness is less than 10%. Thus an optimal injection 
angle of 30 o can be recommended.  
5.3 Extensive simulation study 
Due to the limitations of small-scale experiments, numerical simulation studies are 
needed to a wider range of parameters, for example HRR, air curtain jet velocity and air 
curtain slot width. Thus the simulation study in this part playing a role in supplementing 
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and extending experimental results. 
5.3.1 Numerical set-up 
Configuration and computational mesh 
The top figure of Fig. 5.12 shows the simulation geometry of the tunnel configuration 
based on the experimental apparatus (Fig. 3.1). All the dimensions of the modelled tunnel 
configuration were the same as the experiment.  
 
Fig. 5.12. Geometry of the experimental tunnel (Top) and computational mesh (Bottom) 
in the numerical simulations (Smokeview). 
The bottom figure of Fig. 5.12 shows a sketch of the computational mesh used in all 
simulations. Partial-refinement meshing technique was employed in the numerical 
simulations. The mesh was refined in the air curtain flow area with grid size of 0.2 cm in 
the near-filed region and 0.4 cm in the far-field region. The grid size used outside the 
refinement area was 0.8 cm. This results in 20 cells across the hydraulic diameter of the 
fire source. The total number of cells was then ≈ 1.3 million. Parallel calculations are 
adopted on 22 processors. It has been proven to be sufficiently fine for the simulations at 
hand [29] and is in line with the recommendation made in [30] (at least 10 cells must fit 
within the dimensionless diameter D*).  
Boundary conditions 
The left and right end of the tunnel configuration are open to the outside by specifying 
them to be ‘OPEN’, which denotes a passive opening to the outside. The four other sides 
are ‘solid’ boundary conditions. Detailed solid material properties are shown in Table 5.1.  
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Table 5.1. Summary of solid material properties. 
Material Thickness (m) 
Specific heat 
(kJ/kg·k) 
Conductivity 
(W/m·k) 
Density 
(kg/m3) Emissivity 
Stainless steel 0.00125 0.46 45.8 7850 0.074 
Glass 0.005 0.84 0.76 2700 0.92 
 
A round fire modelled as the ejection of gaseous fuel from a solid surface by a gas burner 
was set flush with the floor. A given heat release rate was specified at the boundary. The 
air curtain injection is created through an inlet duct, so that the velocity inlet boundary 
condition is imposed upstream of the actual orifice. The synthetic turbulent inflow 
boundary condition is applied with implementation of Jarrin's [31] Synthetic Eddy 
Method (SEM).  
Turbulence model 
Turbulence is modeled by the Large-Eddy Simulations (LES) technique in FDS. The 
dynamic Smagorinsky turbulence model is used in all the simulations, since then no 
tuning is required for the model parameter Cs sub-grid scale viscosity. Details on the 
influence of turbulence model have been discussed in a previous study [32]. 
5.3.2 Validation of the FDS simulations 
In order to obtain reliable CFD results, the FDS numerical simulations of fire and air 
curtains were first validated by small-scale experimental data. The validation mainly 
focus on the data of longitudinal temperature distribution underneath the tunnel ceiling 
and the vertical temperature distribution on the centerline of the sections. After the 
validity of the FDS simulations were confirmed, a further study on the performance of 
the curtain air curtain can be conducted. 
First, the discussion is restricted to the case without the activation of air curtain. A 
Comparison of experimental data to FDS results on the time averaged longitudinal smoke 
temperature distribution at 1 cm below the ceiling is shown in Fig. 5.13. The top figure 
shows the results of HRR = 3.62 kW (i.e., Tests 1, 21 and 41) at different ambient 
temperatures. The bottom figure shows the results of HRR = 2.92 kW at different ambient 
temperatures (Tests 11, 31 and 51). As can be seen from Figure 5.13, the experimental 
data from the different tests (Tests 1, 21 and 41 and Tests 11, 31 and 51) overlap closely 
with each other, reflecting the good reproducibility of small-scale experiments. In 
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addition, the overall FDS results are in good agreement with the experimental data. 
However, the predicted temperature at the position just above the fire source is lower than 
the experimental data. In addition to time averaged longitudinal temperature distribution 
underneath the tunnel ceiling, the time averaged smoke temperature distributions across 
different sections have been examined. The results displayed in Fig.5.14 show a good 
agreement, which confirms the quality of the simulations and justifies the use of the 
numerical predictions to characterize the ceiling jet.  
 
Fig. 5.13 Comparisons of experimental data to FDS results on the time averaged 
longitudinal smoke temperature distribution at 1 cm below the ceiling. Top: HRR = 3.62 
kW (Test 1, 21 & 41); Bottom: HRR = 2.92 kW (Test 11, 31 & 51) 
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Fig. 5.14. Comparisons of experimental data to FDS results on the time averaged 
smoke temperature distribution across different sections. Top: HRR = 3.62 kW (Test 1, 
21 & 41); Bottom: HRR = 2.92 kW (Test 11, 31 & 51). 
Then, the discussion involves the activation of air curtain. Again, Figs. 5.15 and 5.16 
show the comparisons between experimental data (Test 2) and simulation results with and 
without the application of SEM technique. It shows that with the application of SEM, the 
simulation results represent the experimental data better. Thus, the SEM technique is 
adopted in the present study. 
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Fig.5.15. Impact of the application of SEM on the time averaged smoke temperature 
distribution along the longitudinal direction at 1 cm below the ceiling (experiment data 
was added for comparison). 
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Figure 5.16. Impact of the application of SEM on the time averaged smoke temperature 
distribution across different sections (experiment data was added for comparison). 
Finally, a comparison between experimental data and simulation results on the average 
sealing effectiveness 𝐸𝐸 with the evolution of momentum ratio R is presented in Figure 
5.15. Three values of HRRs were considered in the numerical simulation cases. Two sets 
of FDS simulations on small-scale experiments of Test 1-10 (HRR = 3.62 kW) and Test 
11-20 (HRR = 2.92 kW) were performed. In addition, another set of FDS simulation with 
HRR of 5.02 kW were performed for comparison as well. The simulation result confirms 
the self-similarity and shows a good agreement with the experimental data. 
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Fig. 5.17. Comparison of experimental results with FDS simulations on the average 
sealing effectiveness 𝐸𝐸 versus momentum ratio R. (W = 3 cm) 
Overall, the present FDS simulations reproduced the small-scale experiments fairly well. 
Thus, the so-called ‘numerical experiments’’ can be carried out later with good reliability. 
5.3.3 Simulation results 
Since the momentum ratio R is less than 25 and the aspect ratio AR is between 0.03 and 
0.09 in the small-scale experiment, a wider range of R and AR were studied by FDS. Fig. 
5.18 shows the evolution of average sealing effectiveness 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 versus momentum ratio 
R. It shows that, with increasing momentum ratio R, the air curtain sealing effectiveness 
first increases rapidly, then remains nearly stable and finally slowly increases. An 
efficient momentum ratio is obtained at the point (𝑅𝑅𝑒𝑒𝑒𝑒 = 10 − 15) at which the sealing 
effectiveness becomes stable after the rapid increase. At this moment the sealing 
effectiveness reaches the ‘optimum’ value. It is not recommended to apply higher values 
of R, since this leads to additional oxygen supply to the fire seat. To be noted, the 
processed data confirm results, obtained earlier from blind Computational Fluid 
Dynamics (CFD) simulations [1].  
For a constant momentum ratio R, the sealing effectiveness increases with nozzle width 
(shape factor AR). Thus, a further study was conducted (see Fig.5.19), focusing on the 
influence of shape factor AR on the average sealing effectiveness 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 obtained at the 
effective momentum ratio 𝑅𝑅𝑒𝑒𝑒𝑒  for a vertical downward air curtain. It shows that the 
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relationship between the average sealing effectiveness 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 and the shape factor AR 
is exponential: 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 = −0.29 + 1.27（1 − 𝑒𝑒−6.9𝐴𝐴𝐴𝐴） . Then, the air curtain shape 
factor AR can be calculated by the expected smoke sealing effectiveness so as to 
determine the air curtain slot size.  
Based on the comprehensive analysis of the main parameters that affect the performance 
of air curtain for smoke blocking, the air curtain engineering application was briefly 
discussed. 
 
Fig.5.18 Average sealing effectiveness 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 versus momentum ratio R.  
 
Fig.5.19 Aspect ratio AR versus average sealing effectiveness 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 obtained at the 
effective momentum ratio R 
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5.4 Conclusions 
In this chapter, the effects of heat release rate (HRR), air curtain jet velocity, slot width 
and injection angle are discussed through a combination of small-scale experiments and 
FDS numerical simulation. A comprehensive quantitative analysis of the various 
influential factors is conducted. The main conclusions are as follows: 
Three important dimensionless parameters that determine the performance of air curtains 
for smoke confinement are presented, i.e., the dimensionless momentum ratio R that 
characterizes the relative force between the air curtain and the smoke motion (as ceiling 
jet), the dimensionless shape factor AR (AR = W/L) that characterizes the dilution effect 
of the air curtain jet and the injection angle θ that characterizes the horizontal force of 
the air curtain.  
For a certain air curtain slot width and injection angle, the equivalent smoke sealing 
effectiveness can be achieved for different values of HRR and air curtain jet velocity as 
long as the momentum ratio R is equal.  
With increasing momentum ratio R, the air curtain sealing effectiveness first increases 
rapidly, then remains nearly stable and finally slowly increases. An efficient momentum 
ratio is obtained at the point (𝑅𝑅𝑒𝑒𝑒𝑒 = 10 − 15) at which the sealing effectiveness becomes 
stable after the rapid increase. At this moment the sealing effectiveness reaches the 
‘optimum’ value. It is not recommended to apply higher values of R, since this leads to 
additional oxygen supply to the fire seat.  
For a constant momentum ratio R, the sealing effectiveness increases with jet angle and 
reaching a plateau at 30 °. Thus, for situations where the fire location can be pre-
determined to be only at one side of an air curtain, a non-vertical air curtain with a jet 
injection angle of 30 ° is recommended.  
For a constant momentum ratio R, the sealing effectiveness increases with nozzle width 
(shape factor AR). The relationship between the average sealing effectiveness 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 
and the shape factor AR is exponential: 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 = −0.29 + 1.27（1 − 𝑒𝑒−6.9𝐴𝐴𝐴𝐴）.  
  
47 
 
6 Conclusions and future work 
6.1 Conclusions 
The present study had a focus on the sealing effectiveness and the main parameters that 
affect the performance of air curtains for smoke blocking. 
The dangers of fire smoke are described in Chapter 1, along with the objectives and 
outlines of the thesis. The physics of the free jet, including the basic structure of the free 
turbulent planar jet and the flow characteristics of the jet flow were presented in Chapter 
2. The experimental data of the planar turbulent jet studied in the past were also 
summarized. Chapter 3 presented the small-scale experimental set-up.  
In Chapter 4, the assessment of numerical simulation capabilities of the Fire Dynamics 
Simulator (FDS 6) for planar air curtain flows based on the theoretical basis from 
Chapter 2 were presented.  
For discussion on the near-field region of the air curtain flow, an analysis has been 
conducted on the impact of the velocity inlet boundary condition, in combination with 
the mesh size. The key findings are as follows: 
- With respect to the mesh size, the use of a sufficiently fine mesh, i.e., 10 cells across 
the characteristic dimension of the nozzle, the evolution of the mean and RMS stream-
wise velocity along the centerline, as well as their profiles across the nozzle width, 
are captured accurately in the CFD results. The accuracy has been illustrated by 
comparison of the CFD results to experimental data, DNS data and other LES results.  
- Although correct mass and momentum flow rates are injected in the FDS simulations 
through a staggered approach, it has been illustrated that interpolation in post-
processing/visualization in Smokeview can result in misleading observations in the 
output. Differences become smaller as the mesh is finer. Using the commands ‘DUMP’ 
for a data matrix and ‘DEVC’ for single data at specific location provides raw data 
directly, avoiding this issue. In more recent FDS versions, this can also be done for 
wall quantities and vectors.  
- Providing a duct ahead of the orifice exit in the simulations, a small vena contracta 
effect is observed when the orifice is flush with a solid boundary. This vena contracta 
effect correctly disappears if the duct is moved inside the domain, because the co-
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flow is then aligned with the jet flow at the orifice exit.  
- A duct length of at least 20W is required for the flow to become fully developed inside 
the duct, starting from a top hat velocity profile at the inlet. The simulation results 
confirm analytical correlations for the ratio of the entrance length to the hydraulic 
diameter of the duct for square ducts. However, for rectangular ducts, the correlations 
only agree with the CFD results if the duct width, rather than the hydraulic diameter, 
is used as the characteristic length scale. 
For discussion on the far-field region of the air curtain flow, the effects of grid 
resolution, SGS eddy viscosity models and turbulent inflow boundary condition with 
synthetic eddy method have been analyzed. Computational results have been compared 
to experimental data obtained in the literature. The key findings are as follows: 
- The mesh sensitivity study reveals that a grid resolution with 8 cells spanning across 
the width of the inlet is adequate for the flows considered. 
- Using this mesh resolution, results obtained for the momentum-driven planar jet flows 
in the FDS simulations agree well with experimental data obtained from the literature 
in the jet velocity decay rate. The mean velocity decay and jet spreading rate are well 
captured and normalized transversal profiles of mean velocity confirm self-similarity. 
Also second-order turbulence statistics reveal self-similarity and good agreement with 
experimental data.  
- The results are not very sensitive to the choice of sub-grid scale turbulence model, 
except for the constant Smagorinsky model with the default value Cs = 0.2. 
- The specification of synthetic turbulence at the inlet boundary condition with the 
synthetic eddy method (SEM) brings the results for the flow evolution downstream 
closer to the results obtained with ‘real’ turbulence (obtained from a fully developed 
flow from a long inlet duct) for strongly reduced length of the inlet duct. The reduction 
in inlet duct length implies a reduction in computational cost as well. Applying SEM, 
care must be taken when choosing the number of eddies and their length scale. For 
the current configuration, setting N_EDDY equal to 1/3 of the number of cells across 
the velocity inlet boundary and setting the characteristic eddy length scale equal to 7% 
of the hydraulic diameter of the inlet can be recommended.  
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- It has been illustrated that the results for the mean velocity in the self-similarity region 
are relatively insensitive to the settings (mesh, inlet boundary conditions, turbulence 
model). This is an important observation with respect to the reliability of CFD 
simulations to quantify the performance of air curtains, because the air curtain force 
is due to its mean momentum, in relation to the momentum of smoke. 
- Besides the mean velocity, also good agreement on the second order turbulence 
statistics with the experimental data is achieved for the current FDS simulations. 
Normalized lateral profiles of turbulence energy and shear stresses confirm self-
similarity for both the results obtained from case with ‘real’ turbulence and with 
application of synthetic eddy method.  
Subsequently, the effects of heat release rate (HRR), air curtain jet velocity, slot width 
and injection angle are discussed through a combination of small-scale experiments 
and FDS numerical simulation in Chapter 5. A comprehensive quantitative analysis of 
the various influential factors is conducted. The main conclusions are as follows: 
- Three important dimensionless parameters that determine the performance of air 
curtains for smoke confinement are presented, i.e., the dimensionless momentum ratio 
R that characterizes the relative force between the air curtain and the smoke motion 
(as ceiling jet), the dimensionless shape factor AR (AR = W/L) that characterizes the 
dilution effect of the air curtain jet and the injection angle θ that characterizes the 
horizontal force of the air curtain.  
- For a certain air curtain slot width and injection angle, the equivalent smoke sealing 
effectiveness can be achieved for different values of HRR and air curtain jet velocity 
as long as the momentum ratio R is equal.  
- With increasing momentum ratio R, the air curtain sealing effectiveness first increases 
rapidly, then remains nearly stable and finally slowly increases. An efficient 
momentum ratio is obtained at the point (𝑅𝑅𝑒𝑒𝑒𝑒 = 10 − 15 ) at which the sealing 
effectiveness becomes stable after the rapid increase. At this moment the sealing 
effectiveness reaches the ‘optimum’ value. It is not recommended to apply higher 
values of R, since this leads to additional oxygen supply to the fire seat.  
- For a constant momentum ratio R, the sealing effectiveness increases with jet angle 
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and reaching a plateau at 30 °. Thus, for situations where the fire location can be pre-
determined to be only at one side of an air curtain, a non-vertical air curtain with a jet 
injection angle of 30 ° is recommended.  
- For a constant momentum ratio R, the sealing effectiveness increases with nozzle 
width (shape factor AR). The relationship between the average sealing effectiveness 
𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚  and the shape factor AR is exponential: 𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚 = −0.29 + 1.27（1 −
𝑒𝑒−6.9𝐴𝐴𝐴𝐴）.  
6.2 Future work 
The work presented in this thesis concerns the smoke sealing effectiveness of an air 
curtain in a tunnel configuration. Although different influential factors have been 
discussed systematically. However, there are some issues remain to be addressed in the 
future. 
- The thesis focus on the vertical-downward air curtain. For non-vertical-downward air 
curtains, only the cases with a fixed slot width is discussed. More research to study 
the influence of slot width on non-vertical-downward air curtains would be interesting. 
- Due to the limitation of the experimental conditions, the small-scale experiment only 
considers the well-ventilated conditions and the case of complete combustion without 
considering toxic and harmful gases. Therefore, this thesis focus on the smoke 
temperature, and presumes that the temperature distribution and gas concentration 
distribution are in consistent. A future study considers the CO, NO and other toxic 
gases would be interesting. 
- The air curtain sealing effectiveness are influenced by many factors. The present study 
was conducted in a tunnel configuration. The effect of building configuration, 
however, can show a substantial difference. More research to show these influence 
would be interesting. 
- As the work only focus on the natural ventilation condition, recommendations of 
future work also include the overall performance of the air curtain system working 
with the other (mechanical) smoke control systems. 
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- In this thesis, the fire source is only located on the floor in the middle of the 
configuration. The fire source locations (near the wall or at the corner) may affect the 
ceiling jet flow substantially. Therefore, the influence of fire locations can be studied 
in the future. 
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Abstract. CFD results are discussed for jet ﬂows through a straight square duct,
which is an interesting conﬁguration in the context of air curtain ﬂows for smoke and
heat control in buildings in case of ﬁre. The CFD package Fire Dynamics Simulator,
Version 6.0.1, is used. Special focus is given to the impact of the inlet boundary con-
dition on the ﬂow ﬁeld in the near-ﬁeld region. Investigation of diﬀerent oriﬁce con-
ﬁgurations (W = 2 cm width, variable span-wise length), including calculations inside
a straight square duct (2 cm 9 2 cm, with variable length) ahead of the air oriﬁce,
reveals a small vena contracta eﬀect when the oriﬁce is ﬂush with a solid boundary,
leading to an acceleration of the ﬂow in the symmetry plane in the near-ﬁeld region.
The vena contracta eﬀect disappears if the co-ﬂow at the nozzle exit is aligned with
the jet. More important is the eﬀect of the duct length (precursor domain length,
serving as method to generate inﬂow turbulent conditions for the main computation):
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1. Introduction
Smoke has been reported to be the most fatal factor in ﬁres [1]. In order to pre-
vent the smoke from causing a harmful environment for the building occupants, a
smoke and heat control system can be applied to control and remove heat and
smoke induced by ﬁre [2]. For instance, the pressurization of stairwells is a com-
monly used smoke control system in buildings. However, large air supply volumes
are required. Therefore, an air curtain could be a more eﬃcient way of blocking
smoke dispersion during ﬁres [3].
Air curtains can be considered as compartmentation devices, based on the dis-
charge of a plane jet. Therefore, it is interesting to study plane jets, particularly in
the so-called ‘near-ﬁeld region’, i.e., the region close to the air oriﬁce, as often air
curtains mainly block smoke in regions close to the nozzle exits. It is worth noting
that plane jets have also found their practical application in a variety of industrial
applications. Some of the major applications occur in reducing dispersed pollution
in urban road tunnels [4], in controlling pollutant spreading for emergency man-
agement in cleanrooms [5], in preserving low temperatures for refrigerated storage
rooms or cabinets [6], or in preventing moisture in semiconductor manufacturing
processes [7].
In the context of ﬁre, air curtains can be used to prevent smoke spreading from
one volume to an adjacent volume. According to Chinese Machinery Industry
Standard: Air Curtain (JB/T 9067-1999), the nominal air velocity at the nozzle
outlet is 4 m/s to 9 m/s for commercial and civil buildings, and 8 m/s to 24 m/s
for industrial buildings [8]. In recent years, more and more studies on air curtains
have appeared in the literature, labeling it as an eﬀective way to conﬁne smoke
(e.g., [9–12]).
A few publications, using Fire Dynamics Simulator (FDS) as CFD package fur-
ther illustrate that air curtains are useful for smoke conﬁnement during an acci-
dental ﬁre [13–17]. The present paper focuses on the near-ﬁeld regions, with the
following novel aspects: (1) A recent version (6.0.1) of FDS [18] is used. Com-
pared to the previous versions, the turbulence modeling has been updated sub-
stantially (along with, e.g., combustion modeling and radiation modeling, but this
is less relevant for the study at hand). (2) The simulation of a duct ﬂow, serving
as ‘prior’ simulation to obtain the inlet boundary condition for the turbulent ﬂow
from the nozzle exit into the domain is discussed. This method is similar to what
was reported in [19]. (3) The main focus is on the impact of the velocity inlet
boundary condition on the ﬂow in the near-ﬁeld region. (4) The mesh sensitivity
of the results is analysed.
2. Physics of the Free Jet
The theoretical solution of the plane turbulent free jet is a statistically two-dimen-
sional ﬂow [20–23] with dominant mean motion in the stream-wise (X) direction,
jet spreading in the lateral (Y) direction and zero entrainment in the span-wise (Z)
direction. Brieﬂy, a free jet can be divided into three regions [24]: an ‘initial’ or
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‘core’ region, a ‘transition’ or ‘interaction’ region and a ‘developed’ or ‘self-simi-
larity’ or ‘far-ﬁeld’ region (Fig. 1).
In the core region, the centerline velocity remains constant, equal to the jet
velocity at the nozzle exit. The turbulence intensity is constant as well. The length
of potential core equals 4 to 6 times the jet thickness W. The transition region
behind the core region extends from 6W to 20W. In this region the velocity starts
to decay. Further downstream the ﬂow reaches the self-similarity region, where
normalized transverse proﬁles of (normalized) velocity are similar, independent of
the distance X from the nozzle exit. The present study focuses on the near-ﬁeld
region, i.e., the ‘initial’ or ‘core’ region.
3. General Set-Up of the Simulations
Large Eddy Simulations (LES) as implemented in the Fire Dynamics Simulator
(FDS), Version 6.0.1 [25], are used to account for turbulence in the CFD simula-
tions. The default sub-grid scale (SGS) model, namely the modiﬁed Deardorﬀ tur-
bulence model [26], is applied, with the default model constant Cv = 0.1.
The free jet ﬂow downstream is strongly inﬂuenced by the oriﬁce conﬁguration
and inlet boundary condition [27]. Thus, diﬀerent computational domains have
been used, depending on the oriﬁce conﬁguration and dimension, labeled A to C
(Fig. 2). For oriﬁce conﬁguration A, the velocity inlet is set ﬂush with the bottom
of the domain (ﬂoor), while for conﬁguration B and C a duct is added, so that the
velocity inlet boundary condition is imposed upstream of the actual oriﬁce. In
conﬁguration C, the entrance duct has been moved inside the ﬂow domain such
that entrainment is primarily an axial co-ﬂow, rather than radially inward ﬂow.
Table 1 provides an overview with details for the computational domains.
Cubic cells are used in all simulations. For domain I, the domain width (Wd),
length (Ld) and Height (Hd) are set to 10 cm, which is 5 times the oriﬁce width
Figure 1. A schematic view of the time-averaged flow field of a
plane jet. Redrawn after Browne et al. [24].
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(W = 2 cm). These results are included to investigate the near-ﬁeld jet ﬂow region
at relatively low computational cost. The number of cells across the oriﬁce width
varies from 1 to 10, i.e., the cell size varies from 2 cm to 0.2 cm.
For domains II and III, the domain width, length and distance from the veloc-
ity inlet to the top of domain (Dd) are equal to 10 cm, while the Height (Hd) of
the domain varies according to the length of the duct.
For domain IV, the oriﬁce conﬁguration B with duct length of 160 cm is
applied. A rectangular oriﬁce with dimension 2 cm 40 cm is adopted. Thus, the
domain width (Wd) and distance from the velocity inlet to the top of domain (Dd)
are kept equal to 10 cm, while the length (Ld) and Height (Hd) of the domain are
equal to 40 cm and 170 cm respectively.
The top and four side boundaries of the domain are open to the outside by
specifying them to be ‘OPEN’. The ﬂoor (marked in brown) is a ‘solid’ boundary
condition. The oriﬁce (‘VENT’), marked in green, lies in the middle of the ﬂoor
and has a velocity inlet boundary condition.
4. Results and Discussion
4.1. Implementation and Visualization of the Inlet Velocity Boundary
Condition
Implementation details concerning the velocity inlet boundary conditions in FDS,
version 6.0.1, are found in the FDS manuals [26]. Yet, some brief discussion is
Figure 2. Sketch of orifice configuration A to C.
Table 1
Overview of Characteristics of Computational Domains
Domain
number
Oriﬁce
conﬁguration
Oriﬁce
dimension (cm)
Number of cells
across the oriﬁce width Duct length (cm)
I A Square (2 9 2) 1, 2, 3, 4, 5, 8, 10 0
II B Square (2 9 2) 10 2 to 80
III C Square (2 9 2) 10 2 to 80
IV B Rectangular (2 9 40) 10 160
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devoted to this topic, because post-processing (visualization) does not fully reﬂect
the implementation, due to interpolation of velocity values, stored in a staggered
manner, to values on the corners of mesh cells. If the mesh is too coarse, this can
be misleading, as reported in [16], a few features of which are brieﬂy mentioned
here.
It is common practice to impose a single velocity value (Uinput) at the inlet. A
top-hat proﬁle is expected then for the mean velocity. However, impermeability
conditions are enforced at walls. Consequently, the question arises how this aﬀects
the inlet velocity proﬁle. In order to investigate this, a study is performed ﬁrst
with a square oriﬁce (with dimension 2 cm 9 2 cm) in computational domain I.
The imposed velocity is Uinput = 5 m/s.
Figure 3 displays mean inlet velocity proﬁles, retrieved as output from the simu-
lations, for diﬀerent mesh cell sizes. An average over the period of the last 2 s of
a total calculation time of 5 s is suﬃcient, as (quasi-)steady state conditions are
reached after 2 s. A detailed discussion is devoted to this in Sect. 4.3. Diﬀerent
methods are applied to obtain the velocity proﬁles. The solid line results have
been collected from ‘slice ﬁle’ data by the command ‘fds2ascii’. The data stored in
the ‘slice ﬁle’ are visualized in Smokeview and most users rely upon this output
directly. However, the data from the ‘slice ﬁle’ involve interpolation [16]. This can
be prevented by outputting the raw (primitive) velocity data (dashed line) as actu-
ally computed by FDS by adding a ‘DUMP’ line with a ‘UVW_TIMER’ in the
input ﬁle [26]. Figure 3 reveals that diﬀerences become small for ﬁne grids, but for
coarser meshes the deviations are substantial, even at the level of mean velocity.
In the extreme case with only one cell across the velocity inlet, one data point of
5 m/s is imposed at the center of the cell face, but the linear interpolation in
Smokeview yields an apparent maximum value of only 1.25 m/s across the veloc-
Figure 3. Inlet velocity profile, retrieved as output in the inlet plane
by using command of ‘fds2ascii’ (solid line) and ‘DUMP’ (dashed
line).
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ity inlet. Users should be aware of this artefact. Unless otherwise stated, all results
in the following have been obtained avoiding the interpolation, i.e., using
‘DUMP’ line to obtain arrays of data or data matrix and ‘DEVC’ line for single
data at speciﬁc locations.
It is important to acknowledge that ‘DEVC’ provides directly raw data from
FDS (as long as ‘TIME_AVERAGED = FALSE’). Similarly, in the most recent
FDS versions there are wall variants of all such quantities to directly retrieve the
boundary values [Note that in the more recent FDS versions, combining the com-
mand ‘CELL_CENTERED = .TRUE.’ with ‘VECTOR = .TRUE.’ also shows
the staggered velocity components.].
Figure 4 presents the evolution of the mean velocity on the centerline in the
potential core region. The impact of the mesh size is visible. The variation in inlet
velocity (at X = 0), as obtained from the output, has been explained above. How-
ever, the bottom ﬁgure of Fig. 4 rules out the diﬀerences at the inlet (by normaliz-
Figure 4. Impact of the number of cells across the orifice width on
the evolution of the centerline velocity with distance from orifice for
configuration A.
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ing the velocity, using the mean exit velocity (U0,c) obtained at the center point of
the oriﬁce outlet). The velocity decays less rapidly as the mesh gets ﬁner. Figure 4
reveals a drop in velocity near the oriﬁce in all curves. This is discussed next.
4.2. Oriﬁce Conﬁgurations
So far, the discussion has been restricted to the situation where the oriﬁce is ﬂush
with the ﬂoor and the inlet velocity boundary condition is imposed in that plane
(‘conﬁguration A’, Fig. 2). In ‘conﬁguration B’, a duct is added, so that the veloc-
ity inlet boundary condition is imposed upstream of the actual oriﬁce. In this case,
there is an evolution from the top-hat proﬁle at the inlet of the domain to a pro-
ﬁle that emerges from the oriﬁce. Obviously, the length of the duct will aﬀect the
velocity proﬁle, as long as the ﬂow is not fully developed inside the duct. This is
discussed below. ‘Conﬁguration C’ (Fig. 2, right) has been added to this study in
order to examine the vena contracta eﬀect at the oriﬁce exit.
Figure 5 illustrates the impact of the duct length and the conﬁguration on the
velocity proﬁle, emerging from the oriﬁce. 10 cells have been applied across the
oriﬁce width. For conﬁgurations B and C, many diﬀerent duct lengths have been
simulated. A duct length of approximately 15 to 20 hydraulic diameters is
required to obtain a fully developed ﬂow inside the duct, starting from the top hat
proﬁle (see below, Sect. 4.3). Figure 5 shows results for only 2 duct lengths,
namely 5W and 35W. In the latter, the ﬂow is fully developed, whereas in the for-
mer the ﬂow is still accelerating in the middle of the duct as it emerges from the
oriﬁce.
Figure 6 reveals the impact of the conﬁguration on the evolution of the center-
line velocity with distance from oriﬁce. The following observations are made. First
of all, a drop in centerline velocity is observed in conﬁguration A only. This is
due to the initial lateral expansion of the ﬂow at the inlet. As mentioned, FDS
calculates cell velocities at the center of the cells (staggered grid). For conﬁgura-
Figure 5. Impact of configuration and duct length on the inlet veloc-
ity profile, raw value computed in the inlet plane.
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tion A, the oriﬁce is ﬂush with the ﬂoor and the inlet velocity boundary condition
is imposed in that plane where the axial (X) velocity is speciﬁed. The lateral (Y
and Z) velocity components are not deﬁned. As a result, the ﬂow can expand in
the ﬁrst cell downstream of the vent, reducing the axial velocity. This can be pre-
vented by adding a duct ahead of the inlet boundary, as the duct keeps the outlet
ﬂow in the axial direction, ensuring that the one dimensional axial velocity is pre-
served at the oriﬁce. In this respect it is also relevant to monitor the magnitude of
the wall normal velocity components, which are in principle supposed to be zero
(impermeability boundary condition). In other words, the wall normal velocity
magnitude is to be considered an error. Yet, FDS uses a direct-forcing Immersed
Boundary Method (IBM), as a consequence of which the normal velocity compo-
nent on an interior obstacle cannot be reduced to zero at machine precision,
because a Dirichlet value for pressure is described on that surface that only
approximates the Neumann condition that would lead to zero penetration veloc-
ity. The maximum allowed normal velocity component on the solid boundary is
determined by specifying the ‘VELOCITY_TOLERANCE’ on the ‘PRES’ com-
mand line. We applied the default value, deﬁned as dx/2, with dx the characteris-
tic grid cell size. In our case, this yields dx/2 = 0.001 m/s, which is so much
smaller than the main ﬂow velocity (5 m/s) that the impact on the ﬂow ﬁeld is
negligible.
Secondly, with conﬁguration B, a sudden increase is observed near the oriﬁce.
For the case where the duct length is only 5W, this increase is due to the com-
bined eﬀect of the accelerating ﬂow inside the duct and a (small) vena contracta
eﬀect as the ﬂow emerges from the duct. Indeed, the increase in velocity is less
pronounced when the duct length equals 35W (and the ﬂow is no longer accelerat-
ing inside the duct).
Finally, in conﬁguration C, there is no vena contracta eﬀect, as the co-ﬂow is
well aligned with the ﬂow emerging from the nozzle. Consequently, no increase in
velocity is observed if the duct length is suﬃciently long for the ﬂow to be fully
Figure 6. Impact of the orifice configuration on the evolution of the
centerline velocity with distance from orifice.
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developed inside the duct (see curve ‘C—35W’). The observed increase for curve
‘C—5W’ is due to the fact that the ﬂow is still accelerating inside the duct. Note
also that in conﬁguration C, where the wall is far away from the nozzle, the possi-
ble error in wall-normal velocity component at the wall has no impact on the ﬂow
emerging from the nozzle.
4.3. Duct Flow
So far, the discussion has been restricted to square oriﬁces (2 cm 9 2 cm). In
practice, the air curtain slot is rectangular. Therefore, a rectangular oriﬁce
(2 cm 9 40 cm) is also studied. Stated in another manner, aspect ratio
(AR ¼ L=W , L>W ) values of 1 (square duct) and 20 are considered. Table 2 pro-
vides an overview with details for the simulated duct ﬂow.
As mentioned, a total calculation time of 5 s is set for all simulations and the
mean data are calculated over the period of the ﬁnal 2 s, as (quasi-)steady state
conditions are reached after 2 s. In order to illustrate this, Fig. 7 presents the tem-
poral evolution of stream-wise velocity U (left) and turbulent kinetic energy (right)
at axial distance of X/Dh = 30 on the centerline, obtained with the ‘DEVC’ com-
mand as mentioned before. The turbulent kinetic energy (TKE) is calculated as
TKE ¼ 12 u02 þ v02 þ w02
 
, using turbulence normal stresses (u02 , v02 and w02 ) as
obtained with the ‘Covariance’ option in FDS through the command ‘STATIS-
TICS = ‘COV’’ [26].
Viscous boundary layers grow downstream, slowing down the axial ﬂow at the
wall and thereby accelerating the center-core ﬂow. The thickness of the viscous
boundary layer increases in the ﬂow direction until the boundary layer reaches the
center and thus ﬁlls the entire duct. The distance from the duct inlet to the point
where the boundary layers merge is called the hydrodynamic entrance length Le
[28]. In turbulent ﬂows, the entrance length can be estimated by Le/
Dh  1.359Re1/4 [29] or Le=Dh  4:4Re1=6 [30]. In the present study, the resulting
entrance lengths are reported in Table 2. The Reynolds number is calculated
based on the imposed velocity at the inlet and the hydraulic diameter Dh = 4LW/
2(L + W).
Table 2
Overview of Simulated and Analytical Entrance Lengths
Case
Oriﬁce
dimension (cm)
Duct
length
L/Dh
Inlet
velocity
U (m/s)
Reynolds
numbera
Entrance length (Le/Dh)
1.359Re1/4
[28, 29]
4:4Re1=6
[30, 31] CFD result
S-5 2 9 2 40 5 6732 12.31 19.11 15 to 20
S-10 2 9 2 40 10 13,464 14.64 21.46 15 to 20
R-5 2 9 40 40 5 13,464 14.64 21.46 7.5 to 10
R-10 2 9 40 40 10 26,927 17.41 24.09 7.5 to 10
a Reynolds number is calculated as Re = qUDh/
l, taking q ¼ 1:205 kg/m3 and l ¼ 1:79 105 kg/ m sð Þ, Square duct: Dh = 2 cm, Rectangular duct: Dh  4 cm
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In the fully developed ﬂow region, the pressure drops linearly with distance
from the oriﬁce, and thus a constant value for pressure gradient dP/dX is
observed in this region [30]. Figure 8 shows the evolution of dP/dX along the cen-
terline and the entrance length can be determined as the location where the value
becomes constant. The observed entrance lengths for the square duct ﬂow are well
within the range calculated from the analytical correlations as mentioned [29, 30].
However, the entrance length is under-predicted by a factor of 2 for the rectan-
gular duct (7.5 to 10Dh). This suggests that the duct width W should be used as
the characteristic length scale for the calculation of entrance length for rectangular
ducts with large aspect ratio in the analytical equations [29, 30], which were
deduced originally for circular pipe ﬂows.
Figure 7. Temporal evolution of streamwise velocity U (left) and tur-
bulent kinetic energy (right) at axial distance of X/Dh = 30 on the
centerline of the duct (case S-10).
Figure 8. Evolution of pressure gradient dP/dX along the centerline
of a duct flow.
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Another way of studying the entrance length is based on the axial development
of the normalized mean stream-wise velocity Um/U0,c as shown in Fig. 9. Beyond
the entrance length X = Le the velocity proﬁle does not vary with X. Figure 9
conﬁrms the observations from Fig. 8. The ratio of centerline velocity to the cen-
terline velocity at the inlet decreases with increasing Reynolds number, as expec-
ted: as the ﬂow becomes more turbulent, the proﬁles of stream-wise velocity
become ﬂatter and the gradients in the wall region become steeper due to
increased turbulent mixing (see also Fig. 10). On the other hand, the velocity ratio
Um/U0,c for rectangular duct is lower than that of square duct for the same Rey-
Figure 9. Evolution of the normalized stream-wise velocity (Um/U0,c)
along the centerline of a duct flow.
Figure 10. Normalized mean streamwise velocity profiles in the
symmetry plane across the long side (left) and short side (right) of the
duct at axial distance of X/Dh = 30.
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nolds number, because there is no lateral boundary layer development, as illus-
trated in Fig. 10. The accuracy of the proﬁles is discussed below (Fig. 13).
Figure 11 shows the evolution of mean turbulence kinetic energy (TKE) along
the centerline. It is again in line with the observations for the entrance length
made from Figs. 8 and 9: the TKE proﬁles reach a plateau at about 15 to 20Dh
for the square duct and about 7.5 to 10Dh for the rectangular duct ﬂow, respec-
tively. The turbulent kinetic energy increases with the Reynolds number. The
absolute values are lower in the rectangular duct, in line with the lower values for
mean velocity (Fig. 10).
Figure 11. Evolution of mean turbulence kinetic energy (TKE) along
the centerline of a duct flow.
Figure 12. Evolution of the turbulence intensity (I = URMS/Um) along
the centerline of a duct flow.
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Figure 12 indeed conﬁrms that diﬀerences in turbulence intensity (I = Urms/Um)
are much smaller (albeit that the intensity also still increases with the Reynolds
number, as expected). Urms is the root mean square of turbulent velocity ﬂuctua-
tion obtained from statistical outputs by setting STATISTICS = ‘RMS’ on the
DEVC line. The accuracy is discussed below (Fig. 14).
Figure 13 presents the proﬁles of Fig. 10 in the form U/Um in order to compare
the simulation results to experimental data [32], DNS data [33] and other LES
Figure 13. Comparison of the normalized mean streamwise velocity
(at X/Dh = 30) to experimental data of Cheesewright et al. [32], DNS
data of Gavrilakis [33] and LES data of Yao [34].
Figure 14. Comparison of the turbulence intensities (at X/Dh = 30)
to the experimental data of Cheesewright et al. [32], DNS data of
Gavrilakis [33] and LES data of Yao [34].
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results [34]. Except perhaps for the S-5 case, with the lowest Reynolds number, all
proﬁles are well within the range of data. Similar results reﬂecting the inﬂuence of
Reynolds number were also found in [35].
Similarly, the turbulence intensities are presented in Fig. 14. For the LES of
[34], no results are available for Re = 25,000, so only results for Re = 4410 are
plotted. Figure 14 conﬁrms the accuracy of the results obtained.
5. Conclusions
An analysis has been conducted on the impact of the velocity inlet boundary con-
dition, in combination with the mesh size, on the ﬂow ﬁeld in the near-ﬁeld region
of an air curtain ﬂow, using FDS, Version 6.0.1.
With respect to the mesh size, the overall conclusion is that the use of a suﬃ-
ciently ﬁne mesh, i.e., 10 cells across the characteristic dimension of the nozzle,
the evolution of the mean and RMS stream-wise velocity along the centerline, as
well as their proﬁles across the nozzle width, are captured accurately in the CFD
results. The accuracy has been illustrated by comparison of the CFD results to
experimental data, DNS data and other LES results.
Although correct mass and momentum ﬂow rates are injected in the FDS simu-
lations through a staggered approach, it has been illustrated that interpolation in
post-processing/visualization in Smokeview can result in misleading observations
in the output. Diﬀerences become smaller as the mesh is ﬁner. Using the com-
mands ‘DUMP’ for a data matrix and ‘DEVC’ for single data at speciﬁc location
provides raw data directly, avoiding this issue. In more recent FDS versions, this
can also be done for wall quantities and vectors.
Providing a duct ahead of the oriﬁce exit in the simulations, a small vena con-
tracta eﬀect is observed when the oriﬁce is ﬂush with a solid boundary. This vena
contracta eﬀect correctly disappears if the duct is moved inside the domain,
because the co-ﬂow is then aligned with the jet ﬂow at the oriﬁce exit.
A duct length of at least 20W is required for the ﬂow to become fully developed
inside the duct, starting from a top hat velocity proﬁle at the inlet. The simulation
results conﬁrm analytical correlations for the ratio of the entrance length to the
hydraulic diameter of the duct for square ducts. However, for rectangular ducts,
the correlations only agree with the CFD results if the duct width, rather than the
hydraulic diameter, is used as the characteristic length scale.
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Abstract. Computational Fluid Dynamics (CFD) results are discussed for momen-
tum driven planar jet ﬂows, resembling conﬁgurations in use for air curtain in the
context of smoke control in building ﬁre. The CFD package Fire Dynamics Simula-
tor (FDS) is used. Special focus is given to the impact of grid resolution, synthetic
turbulent inﬂow boundary condition and sub-grid scale eddy viscosity models. The
computational results are compared with summarized literature data. Investigation of
diﬀerent set-ups of inlet boundary conditions, including the inlet duct length, velocity
proﬁle and method of generation of turbulence at the level of the inﬂow, reveals that
the inlet boundary condition is the most inﬂuential factor governing the ﬂow down-
stream. The FDS results successfully reproduce the planar jet ﬂows, both in terms of
mean variables and second-order statistics. ‘Reference’ results have been obtained
with a fully developed turbulent ﬂow emerging from a long inlet duct. By reducing
the inlet duct length and applying the Synthetic Eddy Method (SEM) at the inﬂow
boundary condition, the ‘reference’ results have been reproduced with a reduction in
the computing times of approximately 20%. However, care must be taken when
choosing the parameters of SEM, in particular the number of eddies and their length
scale. The impact of turbulent viscosity model is noticeable, but not of primary
importance for the ﬂow at hand, provided that a suﬃciently ﬁne computational mesh
is used.
Keywords: Synthetic eddy method (SEM), Boundary condition, Turbulence model, Air curtain, Planar
jet ﬂows, FDS
1. Introduction
Air curtain ﬂows have attracted extensive research attention due to practical
applications in industry. Essentially, air curtain ﬂows are (nearly) two-dimensional
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(or ‘planar’) turbulent jets. The planar jets were brought into research attention
by the landmark work of Schlichting [1]. In his view, a jet ﬂow issuing through
a long narrow oriﬁce is taken to be statistically two-dimensional. This study
marked the beginning of an era of research into plane jets. The ﬁrst experimen-
tal work on a plane jet was conducted by Forthman [2], measuring the mean
velocity of a planar air jet over the axial range 0 to 25 nozzle widths down-
stream, using total head pressure tubes. Subsequent comprehensive studies [3–7]
reported diﬀerences in the jet self-preserving behavior (spreading and decay
rate), caused by diﬀerences in jet inlet conditions, such as the jet exit Reynolds
number. Recently, a thorough experimental investigation supports the notion
that the near and far ﬁelds of the planar jet strongly depend on Reynolds num-
ber and boundary conditions [8].
The two-dimensional nature of planar jets oﬀers advantages in numerical
modeling. Consequently, for the validation of turbulence models [9], plane jets
have also received signiﬁcant attention in numerical studies. Extensive research
on this ﬂow has been conducted using direct numerical simulation (DNS) [10,
11], Reynolds-averaged Navier–Stokes (RANS) [12, 13], and large-eddy simula-
tion (LES) [14, 15]. However, few publications [16–18] were found in which the
Fire Dynamics Simulator (FDS) [19] was used for investigating smoke conﬁne-
ment with air curtain. Moreover, the simulation of planar air curtain ﬂows
with application of synthetic turbulent inﬂow boundary condition has not been
discussed.
The present study adds to these previous studies in that it is situated in the con-
text of ﬁre safety. In the ﬁre safety science community, the FDS [20], developed at
NIST, is a very popular computational ﬂuid dynamics (CFD) code. It adopts the
LES approach to model turbulence and has primarily been developed for ther-
mally driven low-Mach ﬂows. However, air curtain ﬂows are momentum-driven,
with relatively high velocity. As such, it is relevant to analyse the accuracy of
FDS for CFD simulations of such air curtain ﬂows.
Moreover, version 6 of FDS allows the user to choose between diﬀerent turbu-
lence models: Smagorinsky (constant [21] and dynamic [22, 23]), modiﬁed Dear-
dorﬀ [24, 25] and the Vreman [26] subgrid scale (SGS) eddy viscosity models are
all available. Therefore, it is considered relevant to address the impact of the
choice of turbulence model on the simulation results.
In addition hereto, Jarrin’s [27] Synthetic Eddy Method (SEM) is imple-
mented for turbulent boundary conditions at vents in FDS, version 6. There-
fore, the grid resolution and the turbulent inﬂow boundary condition are
varied, in order to illustrate the most inﬂuential variables on the jet ﬂow devel-
opment. In particular the eﬀect of the parameters in the synthetic eddy method
(SEM) [20, 27] for the generation of inlet ﬂow turbulence is examined. The
speciﬁcation of realistic turbulent unsteady inlet boundary conditions is expec-
ted to play a major role in the accuracy of a numerical simulation. Recently,
e.g., this has been illustrated for a backward facing step ﬂow reported in the
FDS Validation Guide [28].
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The goals of the present study are:
 To illustrate the capability of FDS, version 6.0.1, to accurately simulate
momentum-driven planar jets;
 To assess the importance of inlet boundary conditions and SGS eddy viscosity
models on the simulation results;
 To examine the eﬀect of synthetic turbulent inﬂow boundary conditions with
the SEM method on the results;
 To propose guidance on prescribing the values of SEM parameters.
As described in [29], a plane jet consists of several regions. This part of the
study focuses on the far ﬁeld region, including the transition and self-similarity
region.
2. Self-Similarity of the Free Jet
As shown in [5], the normalized transverse proﬁles of (normalized) velocity are
similar in the self-similarity region of a plane jet ﬂow, i.e., they become indepen-
dent of the distance X from the nozzle exit. The mean centerline velocity decay in
the self-similarity region can be expressed as [5]:
ðU0;c=UmÞ2 ¼ Ku XW þ
X1
W
 
ð1Þ
where U0;c is the centerline mean exit velocity at the oriﬁce outlet, Um is the cen-
terline mean velocity, Ku is the velocity decay rate, W is the nozzle opening width
and X1/W is a normalized virtual origin.
The jet growth rate is commonly expressed by its spreading rate, i.e., the
growth rate of the half-width of the jet. The velocity half-width y0:5m is the lateral
distance from the centerline at which the local mean velocity U is half the center-
line value Um. The jet spreads linearly with X [5]:
y0:5m=W ¼ Ky XW þ
X2
W
 
ð2Þ
where y0:5m is the half-width of the jet, Ky is the spreading rate of the jet and X2/
W is another normalized virtual origin.
Table 1 provides a literature summary of the plane jet centerline mean velocity
decay and spreading rates with diﬀerent Reynolds number. The normalization
velocities used in the literature were also summarized. To be noted, the ‘top-hat’
velocity proﬁles were used in the studies of Gutmark and Wygnanski [5] and Gor-
deyev and Thomas [33]. Thus, the diﬀerent initial conditions are most probably
responsible for the shift in the hypothetical origin and the slightly diﬀerent rate of
spread and decay of the jet [5]. Based on the summarized data shown in Table 1,
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a summary of the evolution of centerline velocity with distance from oriﬁce in the
symmetry plane is shown in Fig. 1 as well.
3. General Set-Up of the Simulations
Air curtain ﬂow properties downstream are aﬀected by the ﬂow upstream, issued
from the oriﬁce. In principle, the ﬂow inside the oriﬁce can be simulated, but
often simulations are started at the oriﬁce exit. In the present study, we consider
an inlet duct ahead of the oriﬁce exit, as shown in Fig. 2. The length of the inlet
duct is varied (from 4 cm up to 40 cm) for the sake of a sensitivity study, as
explained below. The main computational domain has dimensions
Figure 1. Evolution of the centerline velocity in the symmetry plane
as reported in the literature. Curves drawn based on the data from
2000 onward.
Figure 2. Sketch of the computational domain.
Assessment of Numerical Simulation Capabilities
40 cm 9 40 cm 9 100 cm. The width (40 cm–20 W in the Y-direction) of the
computational domain is considered suﬃcient, as the jet half-width y0:5m at the
exit of the domain (X/W = 50), based on the data shown in Table 1, is below
6 W.
The oriﬁce exit dimensions are 40 cm (length, L) 9 2 cm (width, W). The oriﬁce
aspect ratio AR = L/W is thus 20. The oriﬁce exit is positioned in the middle of
the left boundary.
The velocity inlet boundary condition (10 m/s) is imposed at the inlet of the
duct, so there is an evolution from the top-hat proﬁle at the inlet of the domain
to a proﬁle that emerges from the oriﬁce. Obviously, the length of the duct will
aﬀect the velocity proﬁle at the duct exit, as long as the ﬂow is not fully devel-
oped inside the duct. As shown in a previous study [29], the required duct length
for the ﬂow to become fully developed at the slot, i.e., the entrance length, is
about 15 W to 20 W for the rectangular duct ﬂow. Thus, the entrance length is
Le = 30–40 cm. This explains the maximum duct length of 40 cm adopted in the
study at hand. The Reynolds number calculated based on the imposed velocity at
the inlet and the hydraulic diameter is 26,927, which is within the range of values
in literature (see Table 1). The hydraulic diameter Dh is calculated as
Dh ¼ 4LW =2 Lþ Wð Þ.
The right, front and back boundaries of the domains are open to the outside by
specifying them as ‘OPEN’ [20]. The front plate and two side walls (marked in yel-
low) are ‘solid’ boundary conditions. The side walls are ‘solid’ in order to avoid
spanwise inﬂow or outﬂow. This point is addressed in Sect. 4.5. Cubic cells are used
in all simulations. The mesh dependence study is discussed in the next section.
Unless speciﬁed otherwise, the modiﬁed Deardorﬀ model [20, 25] is used as tur-
bulence model and the synthetic eddy method (SEM, see Sect. 3.2) [20, 27] is not
applied at the inlet.
3.1. Turbulence Models
Several diﬀerent SGS eddy viscosity models are available in FDS, version 6.0.1
[25]:
 Constant Coeﬃcient Smagorinsky Model [25], where the eddy viscosity is mod-
eled as
lt ¼ q CsDð Þ2 Sj j ð3Þ
Sj j ¼ 2SijSij  2
3
r  uð Þ2
 1=2
ð4Þ
where, Cs is a constant, set by default to 0.2 [25], D ¼ dxdydzð Þ1=3 is the ﬁlter
width and |S| is the magnitude of the resolved strain-rate tensor.
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 Dynamic Smagorinsky Model [25], where the coeﬃcient Cs is no longer taken
as a constant, but computed based on local ﬂow conditions.
 Modiﬁed Deardorﬀ’s Model [25], which is the default FDS model:
lt ¼ qCvD
ﬃﬃﬃﬃﬃﬃﬃ
ksgs
p ð5Þ
ksgs ¼ 1
2
u u^ð Þ2þ v v^ð Þ2þ w w^ð Þ2
 
ð6Þ
where u is the average value of u at the grid cell center and u^ is a weighted aver-
age of u over the adjacent cells:
uijk ¼ uijk þ ui1;jk
2
ð7Þ
u^ijk ¼ uijk
2
þ ui1;jk þ uiþ1;jk
4
ð8Þ
The terms v^ and w^ are deﬁned similarly. The model constant Cv is set to 0.1
[25].
 Vreman’s Model [25], in which the sub-grid scale viscosity is deﬁned as:
lt ¼ qc
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b11b22  b212 þ b11b33  b213 þ b22b33  b223
aijaij
s
ð9Þ
where the tensor bij taken from the gradient model
bij ¼ D2amiamj ð10Þ
ami ¼ @ui
@xm
ð11Þ
where the model constant c is set to 0.07 [25] and the ﬁlter width D is the same in
each direction. The symbol a represents the (3 9 3) matrix of derivatives of the ﬁl-
tered velocity u. If aijaij equals zero, turbulent viscosity lt is consistently deﬁned
as zero [26].
It is stressed that the sensitivity study below should not be interpreted as an
encouragement for FDS users to simply try diﬀerent turbulence models randomly.
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Rather, the intent is to illustrate the sensitivity of the results to the choice of the
SGS model.
3.2. Generation of Inlet Turbulence
Another issue of great importance in simulations of turbulent ﬂows is the speciﬁ-
cation of realistic inlet boundary conditions. The most accurate method to specify
turbulent ﬂuctuations for a LES is to obtain inﬂow data from a precursor simula-
tion or by rescaling of a database created from a precursor simulation. However,
this entails a heavy extra computational cost.
To address this issue, FDS employs a more eﬃcient way, developed by Jarrin
[27], namely the synthetic eddy method (SEM). This method is based on the clas-
sic view of turbulence as the presence of large-scale coherent structures that carry
most of the Reynolds stresses in turbulent ﬂows. In LES, these large scale eddies
are resolved, the synthetic velocity signal speciﬁed at the inﬂow should represent
the contribution of these eddies. Thus, the velocity ﬂuctuation is generated as [27]:
u0i xð Þ ¼
1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
N EDDY
p
XN EDDY
k¼1
aijekj fr xð Þ x xk
  ð12Þ
where N EDDY is the number of eddies, f is the a shape function which provides
the velocity distribution of the eddies located at xk, ekj are independent random
variables taken from any distribution with zero mean and unit variance and aij is
the Cholesky decomposition of the Reynolds stress tensor. The subscripts i and j
denote respectively the velocity component and the spatial direction.
The SEM method is invoked in FDS by setting the mean velocity, ‘VEL’, the
number of eddies, ‘N_EDDY’, the characteristic eddy length scale, ‘L_EDDY’, and
either the root mean square velocity ﬂuctuation, ‘VEL_RMS’, or the Reynolds
stress tensor components, ‘REYNOLDS_STRESS(3,3)’ on the ‘VENT’ line [20].
The SEM parameters need to be set by the users beforehand. To the best of the
authors’ knowledge, only a general guidance is provided in literature [27, 34].
However, the calculation of SEM parameters in principle requires information
from the upstream ﬂow conditions such as the turbulence intensity, the length-
scale of the eddies and the number of eddies, which are often obtained from a
prerequisite simulation. Alternative easy-to-use guidance on the given values of
SEM parameters are discussed next. A discussion of the sensitivity on those
parameters under the simulation of a turbulent air curtain ﬂow was presented in
Sect. 4.4.
The turbulence intensity has been obtained at the exit of the fully developed
turbulent duct ﬂow beforehand in [29].
For the characteristic (integral) length scale of the eddies, the length scale used
by the SEM can be computed as [27]
r ¼ max min k3=2=e; jd
 
;D
 
ð13Þ
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where k is the turbulent kinetic energy, e is the dissipation rate, j is the von Kar-
man constant j ¼ 0:41ð Þ, d is the geometrical length scale characteristic of the
ﬂow under consideration, D is the grid spacing D ¼ max Dx;Dy;Dzð Þ. The above
criterion has the extra advantage of guaranteeing that the synthetized structures
can be accurately discretized on the LES grid [35].
The calculation of the turbulence length scale ðk3=2=eÞ is not straightforward.
However, an alternative (handy) way to estimate the turbulence length scale is to
set the turbulence length scale to a certain percentage of a typical dimension of
the problem. In duct ﬂows the turbulence length scale can be estimated from the
hydraulic diameter, i.e., l ¼ 0:07Dh [36, 37].
Taking the present conﬁguration for example, the hydraulic diameter of the air
curtain inlet is Dh  2W . Hence, the turbulence length scale is k3=2=e ¼ 0:0028m.
Taking d ¼ Dh  2W one obtains jd = 0.0164. For a grid resolution of W/D = 8
(the mesh sensitivity study is presented in Sect. 4.1) the grid spacing is
D ¼ max Dx;Dy;Dzð Þ ¼ 0:0025m. Thus, according to (Eq. 13), the characteristic
(integral) length scale of the eddies used by the SEM can be chosen as
r ¼ 0:0028m (slightly larger than the grid spacing D). The impact of the charac-
teristic (integral) length scale of the eddies on the numerical results will be dis-
cussed in more details in Sect. 4.4.2.
The number of eddies N_EDDY in the inlet plane can be approximated as [34]:
N EDDY ¼ SP=SS ð14Þ
where SP is the area of the inlet plane and SS is the cross section area of an eddy.
Thus the plane remains statistically covered with eddies. If the grid spacing D is a
candidate for the turbulence length scale of the eddies (see Eq. 13), then, setting
N_EDDY equal to the number of cells across the velocity inlet plane is an intu-
itively ﬁrst guess for a blind simulation. However, in practical applications,
N_EDDY should be kept as small as possible in order to limit the cost of generat-
ing the inﬂow data. Again, the impact of the number of eddies on the numerical
results is discussed in more details in Sect. 4.4.3.
4. Results and Discussion
4.1. Mesh Sensitivity Study
In order to examine the inﬂuence of the mesh resolution on the simulation results,
a mesh sensitivity study is conducted ﬁrst. The length of the inlet duct is set to
40 cm, so that a fully developed turbulent ﬂow emerges from the oriﬁce exit. The
velocity inlet boundary condition (10 m/s) with top-hat velocity proﬁle is imposed
at the inlet of the duct without the application of SEM. The modiﬁed Deardorﬀ
turbulence model is used. As mentioned, cubic cells are used in all simulations.
Grid resolutions of W/D = 4, 6, 8 and 10 are compared to illustrate the sensitiv-
ity of the results. Mean velocity proﬁles in the symmetry plane and normalized
transversal proﬁles of mean velocity are discussed. All the mean velocities were
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retrieved as output from the simulations, averaging results over the last 2 s of the
total of 5 s of calculation time. 2 s of averaging is suﬃcient, since (quasi-)steady
state conditions are reached after 2 s. The temporal evolution of streamwise veloc-
ity U and turbulent kinetic energy at distance of X/W = 30 from the nozzle in
the symmetry plane has been checked in the previous study [29].
The top ﬁgure of Fig. 3 shows the evolution of the mean velocity in the symme-
try plane. The impact of the mesh size is visible. The potential core becomes
shorter (down to 5 W for the ﬁnest mesh here) as the mesh becomes ﬁner. The
results from W/D = 8 and W/D = 10 are well within the range of values reported
in the literature and agree well with most of the curves, presented in Fig. 1. Obvi-
Figure 3. Impact of the mesh resolution on the evolution of the mean
velocity in the symmetry plane. Top: mean velocity, normalized as
Um/U0,c. The shaded region is redrawn from the summarized litera-
ture shown in Fig. 1. Bottom: (U0,c/Um)
2 [cf. Eq. (1)].
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ously, the resolutions W/D = 4 and W/D = 6 are not recommended, looking at
the deviation from the ﬁner results (which are much closer to each other). While
the results are not yet grid converged, deviations become small and using 8 cells
across the width of the air curtain appears to be reasonable.
The bottom ﬁgure of Fig. 3 shows the same results, but expressed as (U0,c/Um)
2
in the downstream region 20<X/W< 40. This is within the self-preserving region
and suﬃciently far from the outlet boundary, so there is no eﬀect from the
boundary condition. This way the linearity, as expressed in Eq. (1), can be veriﬁed
and the coeﬃcient Ku can be determined. The results conﬁrm the linear behavior.
The value for Ku is obtained by linear regression of the results obtained in the
region 20<X/W< 40. The ﬁnest meshes lead to the value Ku  0:22 and the cor-
responding normalized virtual origin X1/W is close to zero (- 1.06 on the ﬁnest
mesh), which are all within the range of the values reported in literature (see
Table 1).
Figure 4 shows the velocity half-width y0:5m at diﬀerent mesh resolutions. The
values of y0:5m were derived from the lateral velocity proﬁles. The linear relation
expressed in Eq. (2) is obtained and the values of Ky are calculated by linear
regression of the data in the region 20<X/W< 40. Again, grid resolutions of W/
D = 4 and W/D = 6 are clearly too coarse, looking at the much larger spreading
rate. The spreading rate of 0.10 obtained on the ﬁner meshes agrees very well with
the values reported in literature (see Table 1). The corresponding normalized vir-
tual origin X2/W is equal to 1.47 on the ﬁnest mesh, which is again within the
range of the values reported in literature as well.
Figure 5 shows normalized velocity proﬁles in the far-ﬁeld region. The mean
velocity is normalized by division with the mean velocity in the symmetry plane
and the transversal coordinate is normalized by the local jet half-width. The
Figure 4. The streamwise variation of the velocity half-width y0:5m at
different mesh resolutions.
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Gaussian distribution Un ¼ eln2 ynð Þ2 has been added for comparison reasons [37].
The overall deviation from the Gaussian proﬁle is plotted in Fig. 6. The root-
mean-square deviation (RMSD) calculated as RMSD ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPn
1
ðU^nUnÞ2
n
r
serves as the
evaluating index, where U^n are the obtained predicted values and Un are the val-
ues correspond to the Gaussian proﬁle. With increasing resolution, the self-simi-
larity is captured more accurately, but clearly the radial proﬁle of mean velocity is
a less demanding quantity to examine grid convergence, as all deviations are rela-
tively small.
Next, second-order turbulence statistics are examined, because they are assumed
to be more challenging to retrieve accurately than mean quantities. Figure 7
shows the lateral proﬁles of the resolved turbulent ﬂuctuations u0u0=U 2m, v0v0=U
2
m
and  u0v0=U 2m at positions X/W = 25 to 40. Results are scaled with Um xð Þ and
y0:5m xð Þ [3, 5]. Experimental data from Heskestad are added as well [4], although it
Figure 5. Normalized profiles in the far field region. Velocities are
normalized by the local mean velocity in the symmetry plane.
Transversal coordinates are normalized by the local value of the jet
half-width.
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should be noted that the Reynolds number was higher (Re = 3.4 9 104) and the
experimental data were subjected to the measurement errors of hot-wire
anemometers. Figure 7 reﬂects the self-similarity when scaled with Um xð Þ and
y0:5m xð Þ [3, 5]. With increasing resolution, the self-similarity is captured much more
accurately. The FDS results (W/D = 8 and W/D = 10) show reasonable agree-
ment with the experimental data, with some under-prediction of u0u0=U 2m and some
over-prediction of v0v0=U 2m. However, the total turbulence kinetic energy and the
important turbulent shear stress ð u0v0=U2mÞ are well captured in the simulations.
To summarize, the W/D = 8 grid resolution is adequate to examine the charac-
teristics of the planar jet ﬂow, given its good performance in the self-similarity
region and good prediction of jet centerline velocity decay rate and jet spreading
rate as well as the good agreement with most of the curves in literature (see
Fig. 1) for the evolution of the mean velocity in the symmetry plane. Therefore,
W/D = 8 grid resolution is chosen for the remainder of the present study.
4.2. Turbulence Models
In this sub-section, the four turbulence models, discussed in Sect. 3.1, are tested.
For the constant Smagorinsky model, two values of Cs are compared, namely
Cs ¼ 0:1 and Cs ¼ 0:2. It is repeated that this study is not to be interpreted as an
encouragement to simply test all available turbulence models, but rather as a sen-
sitivity study to illustrate the potential impact for the ﬂow at hand.
As before, the length of the inlet duct is set to 40 cm, so that a fully developed
turbulent ﬂow emerges from the oriﬁce exit. Based on the mesh sensitivity study,
cubic cells with grid resolution of W/D = 8 are used. The velocity inlet boundary
condition (10 m/s) with top-hat velocity proﬁle is imposed at the inlet of the duct.
The top ﬁgure of Fig. 8 shows the evolution of the mean velocity in the symme-
try plane. All results are within the range of data reported in the literature. Devia-
Figure 6. Evolution of root-mean-square deviation with grid resolu-
tions.
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tions between diﬀerent turbulence models are noticeable, but not substantial,
except for the constant Smagorinsky model with Cs ¼ 0:2. While this value stems
from decaying isotropic turbulence, the jet break-up occurs too far downstream
here. Reducing the value to Cs ¼ 0:1 [38–41] leads to better agreement with the
other results.
Like Fig. 3, the bottom ﬁgure of Fig. 8 conﬁrms the linear behavior of Eq. (1).
Table 2 summarizes the results for the velocity decay rate [see Eq. (1)] and for the
spreading rate [see Eq. (2)] as obtained from the simulation results.
Figure 9 shows the velocity half-width y0.5m between diﬀerent turbulence mod-
els. The linear relation, expressed in Eq. (2) is obtained and the values of Ky are
calculated by linear regression of the data in the region 20<X/W< 40. As sum-
marized in Table 2, the spreading rates and normalized virtual origin X2/W are all
well within the range of the values reported in literature (see Table 1), except for
the constant Smagorinsky with Cs ¼ 0:2, which has been shown to be too dissipa-
tive for the ﬂow at hand.
Figure 7. Comparison of lateral profiles of Reynolds stress u0u0=U2m (in
black), v 0v 0=U2m (in red) and u0v 0=U2m (in green) at different distances
from the orifice (X/W = 25, 30, 35, 40) to experimental data from
Heskestad [4] (Color figure online).
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Figure 10 shows the impact of the turbulence models on the self-similarity of
the mean velocity in the far ﬁeld region. The results are hardly aﬀected by the tur-
bulence model for the grid resolution used herein.
Second-order turbulence statistics are examined in Fig. 11. Together with the
result of Modiﬁed Deardorﬀ model shown in Fig. 7 (bottom left), all results con-
ﬁrm the self-similarity and good agreement with the experimental data from Hes-
kestad [4] except for the constant Smagorinsky model with Cs ¼ 0:2.
To conclude this sub-section, the results from diﬀerent turbulence models in
FDS reveal good agreement with the experimental data, but care must be taken in
deﬁning the value of the model constant. The modiﬁed Deardorﬀ model, which is
Figure 8. Impact of turbulence model on the evolution of the mean
velocity in the symmetry plane. Top: mean velocity, normalized as
Um/U0,c. The shaded region is redrawn from the summarized litera-
ture shown in Fig. 1. Bottom: (U0,c/Um)
2 [cf. Eq. (1)].
Assessment of Numerical Simulation Capabilities
the default turbulence model in FDS, version 6, is used for the remainder of the
present study.
4.3. Inﬂuence of the Inlet Duct Length and SEM
In Sects. 4.1 and 4.2, the ﬂow was fully developed by the time it emerges from the
oriﬁce exit. In a previous study [29], it has been reported that a drop in velocity is
observed when the inlet velocity boundary condition is imposed as a top hat pro-
ﬁle at the oriﬁce exit (i.e., inlet duct length equal to zero). Here, results are pre-
sented for inlet duct lengths equal to 4 cm (= 2 W), 20 cm (= 10 W) and 40 cm
(= 20 W). The top ﬁgure of Fig. 12 shows the impact of the duct length on the
evolution of the mean velocity in the symmetry plane.
The inlet duct length has a strong inﬂuence on the near ﬂow ﬁeld region (X/
W< 10). In the top ﬁgure of Fig. 12, a slight increase of mean velocity is
Table 2
Summary of the Centerline Mean Velocity Decay and Spreading Rate
of Planar Jets for Different Turbulence Models
Turbulence model Decay (Ku) X1/W Spread (Ky) X2/W
Exp. range (see Table 1) 0.159–0.220 - 4.92–4.65 0.088–0.113 - 1.48–3.33
Modiﬁed Deardorﬀ 0.22 0.03 0.10 2.20
Constant Smagorinsky (Cs = 0.2) 0.23 - 11.03 0.18 - 14.16
Constant Smagorinsky (Cs = 0.1) 0.20 - 4.60 0.09 - 0.69
Dynamic Smagorinsky 0.22 - 3.69 0.09 3.10
Vreman 0.26 - 5.29 0.10 0.18
The ﬁrst line provides the range of experimental data
Figure 9. The streamwise variation of the velocity half-width y0.5m
for different turbulence models.
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observed near the oriﬁce if the duct length is not long enough for the ﬂow to be
fully developed inside the duct (see curve ‘2 W’ and ‘10 W’). The observed
increase is due to the fact that the ﬂow is still accelerating inside the duct. Conse-
quently, no increase in velocity is observed if the duct length is long enough for
the ﬂow to be fully developed inside the duct (see curve ‘20 W’). This is in line
with the result from [29]. As mentioned, the ﬂow is more developed in a longer
inlet duct, so that the ﬂow emerging form the oriﬁce is more turbulent. This
explains the decrease in the length of the potential core as the length of the inlet
duct increases.
The bottom ﬁgure of Fig. 12 shows the impact of the application of the SEM
technique for the creation of inlet turbulence on the evolution of the mean veloc-
ity in the symmetry plane. The settings for SEM are: L_EDDY = 0.0028 m,
N_EDDY = 1280 and VEL_RMS = 0.6 m/s (which corresponds to a turbulence
intensity of 6%, given that the inlet velocity is set to U = 10 m/s as a top-hat
proﬁle). The choices for VEL_RMS, L_EDDY and N_EDDY have been discussed
in detail in Sect. 4.4. The SEM is only applied to the cases where the inlet duct is
not long enough for the ﬂow to be fully developed inside the duct, i.e., the 2 W
and 10 W. Again, the results are compared with the fully developed case (20 W).
In contrast to the top ﬁgure of Fig. 12, the length of potential core is much
shorter when SEM is applied.
Figure 13 shows the impact of the duct length on the self-similarity in the far
ﬁeld region, with and without application of the SEM, on the second-order statis-
tics. It shows that, with respect to the second-order statistics, self-similarity in the
far ﬁeld region is not strongly inﬂuenced by the duct length. The turbulence level
ðu0u0=U 2m; v0v0=U 2mÞ and shear stress ð u0v0=U2mÞ are increased by the application of
Figure 10. Normalized profiles in the far field region (taken at X/
W = 40). Velocities are normalized by the local mean velocity in the
symmetry plane. Transversal coordinates are normalized by the local
value of the jet half-width.
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SEM, which conﬁrms the impact on the application of SEM observed in the bot-
tom ﬁgure of Fig. 12.
4.4. Inlet Boundary Conditions
4.4.1. Inlet Section Set-Up and Velocity Proﬁle So far, the inlet velocity proﬁle
was always imposed as a top hat proﬁle with uniform inlet velocity of 10 m/s. It is
instructive to examine the jet evolution if a fully developed turbulent velocity pro-
ﬁle is imposed on a shorter duct length. To that purpose, the fully developed
mean velocity proﬁle as obtained at the oriﬁce exit with a suﬃciently long inlet
duct, is imposed now at the inlet of a 4 cm long inlet duct, with centerline-velocity
of 11.85 m/s and VEL_RMS = 0.7 m/s (which corresponds to a turbulence inten-
sity of 6% at the core of the ﬂow). The fully developed turbulent velocity proﬁle
and turbulence intensity proﬁle have been obtained from the previous study.
Figure 11. Comparison of lateral profiles of Reynolds stress u0u0=U2m
(in black), v 0v 0=U2m (in red) and u0v 0=U2m (in green) at different dis-
tances from the orifice (X/W = 25, 30, 35, 40) to experimental data
from Heskestad [4] (Color figure online).
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However, the turbulence intensity proﬁle is not always available if no such precur-
sor calculation is performed. For a blind calculation, the turbulence intensity at
the core of a fully-developed duct ﬂow can also be estimated from an empirical
correlation I ¼ 0:16Re1=8Dh [42]. Based on this correlation, a turbulence intensity of
I  5% is obtained, which is very close to the obtained turbulence intensity of 6%
obtained in the previous study [29].
Figure 12. Impact of the length of the inlet duct (top) and the appli-
cation of SEM (bottom) on the evolution of the mean velocity in the
symmetry plane. SEM is applied to generate turbulence at the inlet
for cases when the duct length is not long enough for the flow to be
fully developed inside the duct [L_EDDY = 0.0028 m, N_EDDY = 1280
and VEL_RMS = 0.6 m/s (I = 6%)]. Inlet velocity is 10 m/s. Line
legend refers to the length of the inlet duct.
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Figure 14 reveals that the evolution of the mean velocity in the symmetry plane
deviates substantially from the evolution as obtained with the 40 cm long inlet
duct. This illustrates the importance of the inlet turbulence. This is conﬁrmed by
the diﬀerences between the evolutions with and without application of SEM (for
SEM, the settings are L_EDDY = 0.0028 m, N_EDDY = 1280 and
VEL_RMS = 0.7 m/s (I = 6%), as explained in Sect. 4.4.2).
As discussed in Sect. 4.3, when SEM is applied, the length of potential core
decreases substantially. The no-SEM case (‘FD’) is not turbulent enough, given
the strong deviation from the other curves at the length of potential core. It
reveals the strong inﬂuence of turbulent boundary condition on the downstream
ﬂows. The slight increase in mean velocity near the oriﬁce is not observed when
the fully developed velocity proﬁle is applied.
Figure 13. Comparison of lateral profiles of Reynolds stress u0u0=U2m
(in black), v 0v 0=U2m (in red) and u0v 0=U2m (in green) at different dis-
tances from the orifice (X/W = 25, 30, 35, 40) to experimental data
from Heskestad [4]. Top: no application of SEM; Bottom: SEM is
applied to generate turbulence at the inlet [L_EDDY = 0.0028 m,
N_EDDY = 1280 and VEL_RMS = 0.6 m/s (I = 6%)]. Inlet velocity is
10 m/s (Color figure online).
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The deviation on the mean velocity in the near-ﬁeld region (X/W< 10) and
transition region (10<X/W< 20) between the shorter duct length case with
imposed fully developed turbulent mean velocity proﬁle and artiﬁcial turbulence,
generated by the SEM (‘FD-SEM’) and the 40 cm long inlet duct case
(‘RT’—‘real turbulence’) is small. The inﬂuence of prescribed parameters in the
SEM, e.g., characteristic eddy length scale (L_EDDY) and number of eddies
(N_EDDY), will be discussed in Sects. 4.4.2 and 4.4.3.
For the sake of completeness, results are also shown for the case where the
SEM is combined with a top-hat proﬁle (‘TH-SEM’). The deviation from the RT
line is more pronounced than with the fully developed velocity proﬁle (FD-SEM).
In the far ﬁeld region, the deviation from the RT line is still substantial.
Figure 14. Impact of the inlet boundary conditions on the evolution
of the mean velocity in the symmetry plane. RT: real turbulence - inlet
duct length equal to 40 cm. FD: inlet duct length equal to 4 cm, no
application of SEM, fully developed velocity profile is imposed; FD-
SEM: inlet duct length equal to 4 cm, application of SEM
[L_EDDY = 0.0028 m, N_EDDY = 1280 and VEL_RMS = 0.7 m/s
(I = 6%)], fully developed velocity profile is imposed; TH-SEM: same
as FD-SEM, but inlet velocity is 10 m/s top-hat velocity profile.
Table 3
Summary of the Centerline Mean Velocity Decay and Spreading Rate
of Planar Jets for the ‘Reference’ Case and the ‘FD-SEM’ Case
Side boundary condition Decay (Ku) X1/W Spread (Ky) X2/W
Exp. range (see Table 1) 0.159–0.220 - 4.92–4.65 0.088–0.113 - 1.48–3.33
Reference (RT) 0.22 0.03 0.10 2.20
FD-SEM 0.22 - 1.22 0.10 3.29
The ﬁrst line provides the range of experimental data
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As concluded above, applying the SEM at the inﬂow boundary, the results
resemble ‘reference’ results (obtained with fully developed turbulent ﬂow emerging
from a long inlet duct), more closely than without SEM, for reduced inlet duct
length. A very practical advantage is the reduction in calculation cost due to the
reduced required length of the inlet duct. To give an example, the calculation time
is reduced by 15%, comparing ‘20 W’ to ‘2 W’.
For the sake of completeness, the centerline mean velocity decay and spreading
rate and second-order turbulence statistics in the symmetry plane in the far ﬁeld
region for the ‘reference’ case and the ‘FD-SEM’ case are also studied.
First, the mean velocity in the symmetry plane has been studied. Table 3 sum-
marizes the centerline mean velocity decay rate and spreading rate for the two
cases. It is noted that the velocity decay rate Ku and spreading rate Ky are all
within the range of values reported in literature (see Table 1). The normalized
transversal proﬁles of mean velocity reﬂect self-similarity as well (not shown here).
Next, second-order turbulence statistics are examined. Figure 15 shows the lat-
eral proﬁles of the resolved turbulent ﬂuctuations u0u0=U2m, v0v0=U
2
m and  u0v0=U 2m
for case RT at position X/W = 25–40 for the ‘reference’ case and for ‘FD-SEM’.
Diﬀerences are very small, conﬁrming that the FD-SEM approach is a reliable
approximation of a precursor simulation to generate inlet turbulence, while there
is a signiﬁcant reduction in computing time.
4.4.2. Synthetic Eddy Method (SEM): Characteristic Eddy Length Scale
(L_EDDY) In this subsection, the impact of the characteristic eddy length scale
(L_EDDY) is studied when applying SEM. The number of eddies (N_EDDY) is
chosen suﬃciently high (N_EDDY = 1280), as will be explained in Sect. 4.4.3.
The inlet duct length is set to 4 cm. Three diﬀerent length scales are tested:
L_EDDY = 0.0028 m (which corresponds to the hydraulic diameter of the slot
Figure 15. Comparison of lateral profiles of Reynolds stress u0u0=U2m
(in black), v 0v 0=U2m (in red) and u0v 0=U2m (in green) at different dis-
tances from the orifice (X/W = 25, 30, 35, 40) to experimental data
from Heskestad [4] (Color figure online).
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width, divided by 15, i.e., 7% of hydraulic diameter [36, 37]),
L_EDDY = 0.0056 m (which is double that size) and L_EDDY = 0.01 m (which
is expected to be too large for the conﬁguration at hand). The fully developed tur-
bulent velocity proﬁle, as obtained by the end of the 40 cm long inlet duct, is
imposed at the inlet.
Figure 16 shows the impact of L_EDDY on the evolution of the mean velocity
in a symmetry plane. The evolution for the inlet duct length of 40 cm (‘real turbu-
lence’—RT) is shown as reference for comparison purposes. Figure 16 reveals a
strong impact of L_EDDY on the results in the near-ﬁeld region. The length of
potential core becomes shorter as L_EDDY increases. However, in the far ﬁeld
region (X/W > 20) the impact of L_EDDY on the evolution of the mean velocity
is small. Therefore, for the limitations of space, second-order turbulence statistics
in the far ﬁeld region is not shown here. Figure 16 clearly reveals that, if SEM is
applied, care must be taken when choosing the length scale for the eddies, if the
near-ﬁeld region is important. Note that the strong impact of L_EDDY is in line
with earlier observations in RANS calculations for round jets [43].
4.4.3. Synthetic Eddy Method (SEM): Number of Eddies (N_EDDY) In this sub-
section, the impact of the number of eddies (N_EDDY) is studied when applying
SEM. The eddy length scale is set to L_EDDY = 0.0028 m, as explained in
Sect. 4.4.2. The inlet duct length is set to 4 cm. The fully developed turbulent
velocity proﬁle, as obtained by the end of the 40 cm long inlet duct, is imposed at
the inlet. Six diﬀerent numbers of eddies are tested: N_EDDY = 100, 200, 400,
800, 1280 and 2000. N_EDDY = 1280 is equal to the number of cells spanned
over the area of the inlet (8 9 160 = 1280) and N_EDDY = 2000 is approxi-
Figure 16. Impact of L_EDDY on the evolution of the mean velocity in
the symmetry plane. Inlet duct length is 4 cm (except for ‘RT’, which
refers to the 40 cm inlet duct length calculation). N_EDDY = 1280 and
VEL_RMS = 0.7 m/s (I = 6%). The fully developed turbulent velocity
profile is imposed at the inlet. The line legend refers to L_EDDY.
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mately twice that number which being considered large enough to show the con-
verged state of simulation result.
Figure 17 shows the evolution of the mean velocity in the symmetry plane. The
length of potential core becomes shorter as N_EDDY increases. This result is in
line with [27], which shows that the fewer eddies present, the more intermittent the
signal is, i.e., there are more regions without any ﬂuctuations. The impact of
N_EDDY is less strong than the impact of L_EDDY (Fig. 16) and the results
become less sensitive to the number of eddies as long as N_EDDY is large
enough. As mentioned in Sect. 3.2, setting the number of eddies equal to the num-
ber of cells across the velocity inlet generally gives a reasonable result. In practical
applications, the number of eddies (N_EDDY) is kept as low as possible in order
to limit the cost of generating the inﬂow data. Indeed, The CPU time for
Figure 17. Impact of N_EDDY on the evolution of the mean velocity
in the symmetry plane. Inlet duct length is 4 cm (except for ‘RT’,
which refers to the 40 cm inlet duct length calculation).
L_EDDY = 0.0028 m and VEL_RMS = 0.7 m/s (I = 6%). The fully
developed turbulent velocity profile is imposed at the inlet. The line
legend refers to N_EDDY.
Table 4
Summary of the Centerline Mean Velocity Decay and Spreading Rate
of Planar Jets for Different Side Boundary Conditions
Side boundary condition Decay (Ku) X1/W Spread (Ky) X2/W
Exp. range (see Table 1) 0.159–0.220 - 4.92–4.65 0.088–0.113 - 1.48–3.33
Solid BC (‘INERT’ [20]) 0.22 0.03 0.10 2.20
Open BC (‘OPEN’ [20]) 0.20 - 0.20 0.17 - 7.05
Periodic BC (‘PEROIDCI’ [20]) 0.23 - 1.76 0.11 - 0.31
The ﬁrst line provides the range of experimental data
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N_EDDY = 100 (Total CPU time = 3.4 9 106 s) is increased by 20% in compar-
ison to the N_EDDY = 2000 (Total CPU time = 4.1 9 106 s). For the present
study, as shown in Fig. 17, setting N_EDDY = 400 resembles the ‘reference’
result the best.
To conclude this subsection, for the present study, the ‘reference’ results (ob-
tained with fully developed turbulence in a 40 cm long inlet duct) are reproduced
with a good level of agreement by setting a 4 cm long inlet and applying SEM
with the following settings: L_EDDY = 0.0028 m, N_EDDY = 400 and
VEL_RMS = 0.7 m/s (I = 6%).
Figure 18. Normalized mean streamwise velocity profiles in the far
field region (taken at X/W = 40) in the central XZ plane (top) and of
the central XY plane (bottom). Velocities are normalized by the local
mean velocity in the symmetry plane. Transversal coordinates Y and Z
are normalized by the slot width.
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4.5. Side Boundary Conditions
So far, as mentioned above, the two side walls (marked in yellow in Fig. 2) have
been set to ‘solid’ boundary conditions. However, other options would have been
to deﬁne them as ‘OPEN’ and ‘PERIODIC’. Table 4 summarizes the results for
the velocity decay rate and the spreading rate.
As expected, very similar results are obtained with side boundary conditions
‘solid’ and ‘periodic’, as the region of interest is far away from the solid. The
decay rate is lower in the absence of sidewalls (‘open’ boundary). However, the
major diﬀerence relates to the spreading rate. The value is much too high with the
‘open’ boundary condition. Whereas experimental results of Hitchman et al. [32]
conﬁrm the lower decay rate and the higher spreading rate without sidewalls, the
strong diﬀerence in the CFD results deserves some attention.
To that purpose, Fig. 18 shows the mean streamwise velocity proﬁles in the cen-
tral XZ and XY planes at downstream location X/W = 40 (which is suﬃciently
far from the boundary). Again, the deviation between the ‘solid’ BC and ‘periodic’
BC is very small in the center region of the jet (see the top ﬁgure of Fig. 18).
Some deviation is only observed very close to the side wall, where the velocity is
lower close to the ‘solid’ boundary.
It is not surprising that very similar velocity values are also found in the lateral
direction (see the bottom ﬁgure of Fig. 18). As expected again, the major diﬀer-
ence relates to the ‘solid’ BC and ‘open’ BC, i.e., with sidewalls and without side-
wall. The strong deviation from the mean streamwise velocity at the edge of the
jet towards the boundary (see the region Z/W > 6 in the top ﬁgure) reveals
strong entrainment along the spanwise direction when ‘open’ BC is applied. This
phenomenon is not observed in the simulations with ‘solid’ BC and ‘periodic’ BC.
In other words, when the sidewalls applied, the two-dimensionality of the jet ﬂow
is enhanced. This clearly aﬀects the mean velocity proﬁle in the lateral direction
(see the bottom ﬁgure of Fig. 18): the proﬁles are much wider without the side
walls, resulting in the much larger spreading rate. This is in line with a recent
study by Alnahhal [44] and many other investigators [3–5].
5. Conclusions
Large-eddy simulations of air curtain ﬂows have been performed to assess the
potential of FDS (version 6.0.1) for simulating momentum-driven planar jets. The
eﬀects of grid resolution, SGS eddy viscosity models and turbulent inﬂow bound-
ary condition with synthetic eddy method have been analyzed. Computational
results have been compared to experimental data obtained in the literature. The
key ﬁndings of the present work are as follows.
The mesh sensitivity study reveals that a grid resolution with 8 cells spanning
across the width of the inlet is adequate for the ﬂows considered.
Using this mesh resolution, results obtained for the momentum-driven planar
jet ﬂows in the FDS simulations agree well with experimental data obtained from
the literature in the jet velocity decay rate. The mean velocity decay and jet
spreading rate are well captured and normalized transversal proﬁles of mean
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velocity conﬁrm self-similarity. Also second-order turbulence statistics reveal self-
similarity and good agreement with experimental data.
The results are not very sensitive to the choice of sub-grid scale turbulence
model, except for the constant Smagorinsky model with the default value
Cs = 0.2.
The speciﬁcation of synthetic turbulence at the inlet boundary condition with
the synthetic eddy method (SEM) brings the results for the ﬂow evolution down-
stream closer to the results obtained with ‘real’ turbulence (obtained from a fully
developed ﬂow from a long inlet duct) for strongly reduced length of the inlet
duct. The reduction in inlet duct length implies a reduction in computational cost
as well. Applying SEM, care must be taken when choosing the number of eddies
and their length scale. For the current conﬁguration, setting N_EDDY equal to 1/
3 of the number of cells across the velocity inlet boundary and setting the charac-
teristic eddy length scale equal to 7% of the hydraulic diameter of the inlet can be
recommended.
It has been illustrated that the results for the mean velocity in the self-similarity
region are relatively insensitive to the settings (mesh, inlet boundary conditions,
turbulence model). This is an important observation with respect to the reliability
of CFD simulations to quantify the performance of air curtains, because the air
curtain force is due to its mean momentum, in relation to the momentum of
smoke.
Besides the mean velocity, also good agreement on the second order turbulence
statistics with the experimental data is achieved for the current FDS simulations.
Normalized lateral proﬁles of turbulence energy and shear stresses conﬁrm self-
similarity for both the results obtained from case with ‘real’ turbulence and with
application of synthetic eddy method.
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Abstract. Computational Fluid Dynamics (CFD) simulation results, obtained with
Fire Dynamics Simulator (FDS 6.0.1), are presented in order to analyze the perfor-
mance of an air curtain in blocking ﬁre-induced smoke in a tunnel conﬁguration. The
ﬂow and temperature ﬁelds are discussed for diﬀerent air curtain jet velocities and for
a range of smoke inlet temperatures. The key objective is the determination of the
eﬀectiveness of a vertical air curtain in blocking the ﬁre-induced smoke spreading
downstream of the air curtain, as function of the momentum of the air curtain. The
results are presented in non-dimensional form, in terms of a ‘momentum ratio’ R,
deﬁned as R ¼ qjAjV
2
j
qsAsV 2s
. This is the ratio of the vertically downward air curtain momen-
tum to the horizontal smoke layer momentum at the position of the air curtain. This
allows interpretation of the results, obtained at reduced-scale, in full-scale conﬁgura-
tions. The smoke blocking is quantiﬁed by means of sealing eﬀectiveness E, deﬁned
as one minus the ratio of the average temperature increase in the region downstream
of the air curtain to the average temperature increase in the same region without acti-
vated air curtain. For small values of R, the sealing eﬀectiveness E increases as the
momentum ratio R increases. A maximum sealing eﬀectiveness, E  60%, is attained
for R = 8–10. Higher values of R lead to less eﬀective sealing because the downward
impinging air ﬂow pushes smoke into the downward region. For very high values of
R the eﬀectiveness increases again, due to dilution of the smoke pushed in the down-
ward region.
Keywords: CFD, FDS, Smoke conﬁnement, Air curtain, Wind tunnel
1. Introduction
It is well-known that most ﬁre deaths are caused by smoke inhalation. Several
techniques have been developed to control smoke and remove heat generated by a
ﬁre. One system concerns the use of air curtains to block smoke dispersion during
ﬁres [1].
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The idea of aerodynamic sealing can be dated to the early twentieth century
and was brought forward as early as 1904 [2]. In the past 50 years, the increased
awareness for energy saving has led to a widespread use of air curtains, triggering
theoretical and experimental research on their sealing ability [3]. One of the major
applications of air curtains occurs in preserving low temperatures in the refriger-
ated storage rooms [4]. The destabilizing factor of the air curtain in such conﬁgu-
rations is the stack eﬀect caused by the temperature diﬀerence, and thus density
diﬀerence, between the air inside and outside the room. However, in the context
of ﬁre, the transverse force of the ﬁre-induced ﬂow is much stronger than the nat-
ural convection inﬁltration through cold store entrances. Therefore, detailed stud-
ies must be carried out to assess the eﬀectiveness of smoke conﬁnement using an
air curtain.
In recent years, more and more studies on air curtains appeared in the litera-
ture, labeling it as an eﬀective way to conﬁne smoke. Hiroshi et al. [1] conducted
a 1/60 small scale experiment to investigate the operation of a single type air shut-
ter in a corridor. They suggested that the air shutter ﬂow based on push–pull
principle is an excellent aid for ﬁre defense systems. Guyonnaud et al. [5] dis-
cussed air curtain design information based on a reduced-scale experiment. They
concluded that geometric extrapolation of the results on the basis of conserving
the Euler number is not trustworthy. Utilization of air curtains for heat conﬁne-
ment was also discussed using numerical simulations. Elicer-Corte´s et al. [6] con-
ﬁrm the eﬃciency of two double-stream twin-jet air curtains in terms of heat
conﬁnement in tunnels by means of experiments and Computational Fluid
Dynamics (CFD) results obtained with the code FLUENT, release 6.2. Also the
Fire Dynamics Simulator (FDS) [7] has already been used for investigating air
curtain ﬂows with CFD. Hu et al. [8] studied conﬁnement of smoke and CO in
channel ﬁres by means of bench experiment and FDS (version 4.0.7). They repor-
ted an exponential reduction in gas temperature and CO concentration in the pro-
tected zone as the discharge velocity of the air curtain increases. Beside tunnel
conﬁgurations, air curtains can also be installed at the entrance of a stairwell, as
studied by Luo et al. [9]. The highest temperature at the entrance of the stairwell
was measured under diﬀerent air curtain velocities. Good agreement was reported
of FDS (version5) simulation results with experimental data. In a nutshell, all the
studies mentioned indicate that air curtains can be useful for conﬁnement of
smoke during a ﬁre.
The present study is devoted to the analysis of the performance of an air cur-
tain in the context of potential smoke blocking of ﬁre-induced smoke in a
reduced-scale tunnel conﬁguration, using the CFD package FDS (Fire Dynamics
Simulator), Version 6.0.1 [7]. Flow and temperature ﬁelds are discussed for a
range of air curtain discharge velocities and a range of ﬁre heat release rates.
Results are presented in a non-dimensional manner, so they can serve as basis for
design guidelines. The present CFD simulations also serve as pre-test predictions
in preparation of experiments to be carried out in a reduced-scale wind tunnel
(the low speed wind tunnel called ‘L2B’ [10] at Von Karman Institute, Belgium,
see Figure 1), where the ﬂow ﬁeld and smoke concentration can be measured
through the Large Scale Particle Image Velocimetry (LS-PIV) technique [11].
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2. General Set-Up of the Simulations
2.1. Dimensions and Boundary Conditions
A schematic view of the geometry of the test section, resembles the wind tunnel
section presented in Figure 1, is provided in Figure 2. The dimensions of the wind
tunnel are 0. 35 m 9 0.35 m 9 2 m. The left and right end of the wind tunnel,
marked in grey, are open to the outside by specifying them to be ‘OPEN’, which
denotes a passive opening to the outside [7]. By default in FDS, ambient condi-
tions are assumed to prevail beyond the ‘OPEN’ vent. The four other sides are
‘solid’ boundary conditions, with the temperature ﬁxed at ambient temperature
(20C), and are referred to as ‘INERT’ [7], which is the default boundary condi-
tion for all solid surfaces in FDS. The initial condition corresponds to ambient
conditions without any ﬂow.
In order to resemble as closely as possible the real turbulent planar jet ﬂow
with a limited calculation cost, the air curtain injection is created through an inlet
Figure 1. Picture of the wind tunnel for the reduced-scale
experiments.
Figure 2. Schematic representation of the test section of low speed
wind tunnel ‘L2B’ at Von Karman Institute (see Figure 1).
Simulations of Smoke Flow Fields in a Wind Tunnel 2009
duct, marked in purple, so that the velocity inlet boundary condition is imposed
upstream of the actual oriﬁce. The duct length is set equal to 1 hydraulic diameter
of the air curtain inlet (4 cm), as a previous study indicated this is suﬃcient [12].
The air curtain inlet, marked in blue, has a dimension of 35 cm (length,
L) 9 2 cm (width, W), resulting in an aspect ratio AR = L/W of 17.5. A power-
law velocity proﬁle [13], resembling the fully developed velocity proﬁle, is imposed
at the air curtain inlet. This proﬁle has been determined from a preliminary calcu-
lation (not shown here) using a 60 cm (i.e., approximately 15 hydraulic diameter)
long inlet duct [12]. A range of maximum velocities of (0 m/s to 2 m/s) have been
applied. The synthetic eddy method (SEM) [14] is used as inlet boundary condi-
tion for turbulence, for a more realistic turbulent jet ﬂow simulation. With this
approach, artiﬁcial eddies are implemented in FDS by speciﬁcation of the number
of eddies (N_EDDY), the characteristic (integral) eddy length scale (L_EDDY)
and the amplitude of turbulent ﬂuctuations (VEL_RMS). In the present study, the
values are: N_EDDY = 1120, L_EDDY = 0.0028 m, and VEL_RMS deﬁned
such that the turbulence intensity equals 10%. The detailed set-up of air curtain
inlet and the reasons for the chosen parameters of SEM have been investigated in
a separate study and the reader is referred to the FDS manual [7] and Jarrin’s the-
sis [14] for more detailed information on the SEM technique.
The round hot-smoke inlet, marked in red in Figure 2, is positioned 1 m away
from the air curtain. It has a diameter of 5 cm and is ﬂush with the ﬂoor. The velocity
inlet boundary condition determines the source of hot ‘smoke’. Hot air is injected as a
top-hat velocity proﬁle, equal to 1 m/s. Since a detailed simulation of the smoke
plume is out of the scope of the present study, this is considered suﬃciently accurate
and the SEM is not applied at this inlet. In the basic calculations, the hot ‘smoke’
inlet temperature is 300C. This corresponds to a ﬁre source with heat release rate of
0.34 kW. As can be learnt from Froude scaling ( _Qm= _Qf ¼ Lm=Lf
 5=2¼ k5=2L ), this
corresponds to 1 MW in full scale for a geometrical scale-up factor of 25. In Sec-
tion 3.4 a sensitivity study on the inlet temperature is presented, including results for
150C and 600C as well. Thus the range of HRR is from 0.21 kW to 0.49 kW (cor-
responding to the range 0.67 MW to 1.44 MW full scale for a geometrical scale-up
factor of 25). The densimetric Froude number (Fr ¼ vin=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Dq=qambð ÞgD
p
), which
denotes the ratio of inertial to buoyancy forces at the hot-smoke inlet is then 2.58,
2.04 or 1.71, respectively.
2.2. Grid Resolution and Turbulence Models
Uniform cubic cells are used in all simulations, with grid resolution W/D = 8
(D = 0.25 cm). This results in 16 cells across the hydraulic diameter of the air
curtain inlet, 20 cells across the hydraulic diameter of the hot-smoke inlet and in
total 15,904,000 cells within the computational domain. Parallel calculations are
adopted on 32 processors. It has been proven to be suﬃciently ﬁne for the simula-
tions at hand [12] and is in line with the recommendation made in [15].
In FDS, turbulence is modeled within the Large-Eddy Simulations (LES) frame-
work. The dynamic Smagorinsky turbulence model [16] has been applied in all the
simulations, since then no tuning is required for the model parameter Cs in the
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subgrid scale viscosity. A sensitivity study on turbulence modeling is considered
beyond the scope of the present paper.
2.3. Test Cases and Measurements
In total, 23 simulations have been carried out (see Table 1 below), for variable air
curtain jet velocity (0 m/s to 2 m/s) and hot smoke inlet temperature (150C to
600C). The focus of the study is the evolution of the sealing eﬀectiveness of the
air curtain as function of the air curtain momentum.
Figure 2 shows the computational domain, as well as the six line measurements
made in the symmetry plane in the CFD calculations (marked in green), recording
velocity and temperature. They are distributed upstream and downstream of the
air curtain inlet, at intervals of 20 cm.
2.4. Averaged Values
In all simulations, a period of 30 s in total is covered. As the LES technique is
used, the simulation results are analyzed in the form of averaged values, since
instantaneous snapshots can be misleading. Figure 3 presents the evolution of
mass ﬂow rate (top) and heat ﬂow rate (bottom) at diﬀerent cross-sections
(X ¼ 0:1 m; 0:2 m and  0:3 m), for the two extreme values for the air curtain
inlet velocity (0 m/s and 2 m/s). Regardless the operation of the air curtain, it
takes about 5 s for the hot ‘smoke’ to reach the measurement point. After that,
(quasi) steady state conditions are reached rapidly. For obvious reasons, there are
much stronger ﬂuctuations with the air curtain in operation. Nevertheless, a
(quasi) steady-state situation can be considered during the last 10 s. Therefore, all
mean values below have been retrieved as output from the simulations, averaging
the results over the last 10 s of the total of 30 s calculation time.
3. Results and Discussion
3.1. Smoke Layer and Air Curtain Momentum
In the conﬁguration at hand, two basic ﬂows are of fundamental interest, namely
the horizontally ﬂowing ‘smoke’ layer underneath the ceiling and the vertical air
Table 1
Effective Momentum Ratio R (Equation (1)) for All Test Cases
0 0.5 0.75 1 1.2 1.4 1.5 1.6 1.8 1.9 2
150 0 6.11 10.87 15.65 21.30 24.45 27.82
300 0 1.91 4.29 7.63 10.99 14.95 17.17 19.53 24.72 27.54 30.52
600 0 4.11 10.52 16.43 29.21
Top row: air curtain maximum inlet velocity (in m/s); left column: smoke plume inlet temperature (in C)
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curtain ﬂow, which is essentially a planar jet. The interaction of these two basic
ﬂows results in a ﬂow ﬁeld that is far more complex than either of its compo-
nents.
The horizontal smoke layer motion stems from the smoke plume, driven by the
buoyancy of the hot products, impinging onto the ceiling. This is the so-called
ceiling jet phenomenon [17], which results in an essentially one-dimensional ﬂow
underneath the tunnel ceiling, suﬃciently far away from the smoke source.
Figure 4 shows the horizontal velocity and temperature proﬁles of the smoke
layer at the air curtain position (X = 0) for diﬀerent inlet temperatures of hot
smoke plumes, in the absence of an air curtain. Not surprisingly, the tempera-
ture increases as the inlet temperature of hot smoke plume increases.
Indeed, more energy is injected per unit time into the domain as the smoke
inlet temperature increases, keeping all other settings identical: _Qin ¼ qincp
Tin  Tambð ÞAvin ¼ pRTin cp Tin  Tambð ÞAvin ¼
p
R cp 1 TambTin
 
Avin. Also the horizontal
velocity of the smoke layer increases, due to the increased energy injection and
the increased buoyancy, enhancing the entrainment into the vertically rising
smoke plume and thus adding to the horizontal momentum of the smoke layer
underneath the ceiling. The smoke layer depths are approximately the same,
namely approximately 0.1 m.
In order to quantify the relative strength of ceiling jet momentum and air cur-
tain momentum, the ‘eﬀective momentum ratio’ is deﬁned:
Figure 3. Temporal evolution of mass flow rate (top) and heat flow
rate (bottom) at different cross-sections in the absence of an air
curtain (left) and for air curtain velocity equal to 2 m/s (right).
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R ¼ qjAjV
2
j
qsAsV 2s
ð1Þ
This is the ratio of the vertically downward air curtain momentum to the horizon-
tal smoke layer momentum at the position of the air curtain. qj and Vj are the
integrated mean mass density, resp. velocity, of the air curtain jet over its width,
while qs and Vs are the integrated mean mass density, resp. velocity, of the smoke
layer ﬂow underneath the ceiling over its depth (taken equal to 0.1 m, as men-
tioned earlier). Aj is the area of air curtain inlet, calculated as the width of the air
curtain times its length, while As is the cross-sectional area of celling jet ﬂow, cal-
culated as the tunnel width times the ceiling jet depth.
Figure 4. Profiles of mean horizontal velocity (up) and temperature
(bottom) in the smoke layer at the air curtain position for different
inlet temperatures of hot smoke plume. The air curtain is not
activated.
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Table 1 shows the values for R of all the tests in the present study. Table 2 pro-
vides the momentums, corresponding to the velocities and temperatures mentioned
in Table 1.
3.2. Inﬂuence of the Air Curtain on the Flow Field
In this sub-section, the smoke ﬂow ﬁelds are discussed for diﬀerent air curtain jet
velocities, setting the smoke inlet temperature equal to 300C. It is instructive to
carefully examine the eﬀect of the air curtain on the air motion inside the wind
tunnel. Obviously, the air motion in the wind tunnel will simultaneously aﬀect the
smoke spread and the eﬀectiveness of air curtain.
Figure 5, presenting proﬁles for mean horizontal velocity in the x direction for
variable air curtain jet velocity at diﬀerent locations in the symmetry plane of the
wind tunnel, reveals that the smoke ﬂow ﬁeld is strongly aﬀected by the air cur-
tain operation. Without the air curtain operational (V = 0 m/s), all velocity pro-
ﬁles have an ‘Inverted S-shape’, i.e., the proﬁles have a positive value at the top
and negative value at the bottom. This is also clearly visible in Figure 6, showing
the mean horizontal velocity contours and mean velocity vector ﬁelds in the sym-
metry plane of the wind tunnel. Thus, the smoke ﬂow ﬁeld at the right hand side
of the ﬁre can be divided into ‘two zones’ with diﬀerent ﬂow directions (see top
ﬁgure of Figure 6): the hot upper layer moves to the right (U > 0) and the cold
bottom layer moves to the left (U< 0) due to buoyancy (impinging smoke plume
onto the ceiling) and entrainment (into the smoke plume). For suﬃciently low air
curtain jet velocity (e.g., Vj = 0.5 m/s), this qualitative picture does not change
(see Figures 5, 6).
However, for higher air curtain velocities, such that the air curtain jet ﬂow
impinges on the ﬂoor (i.e., Vj = 0.75 m/s or higher for the case at hand), the
smoke ﬂow ﬁeld is stratiﬁed in ‘three zones’ in the region between the smoke
plume and the air curtain, close to the smoke plume (see the ﬁrst two sub-ﬁg-
Table 2
Momentum (in 1023 kg m/s2) for All Test Cases
Momentum (10-3 kg m/s2)
Plume inlet temperature (C) 150 0.44
300 0.63
600 0.66
Air curtain maximum inlet velocity (m/s) 0.5 1.20
0.75 2.71
1 4.81
1.2 6.93
1.4 9.43
1.5 10.83
1.6 12.32
1.8 15.59
1.9 17.37
2 19.25
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ures of Figure 5). Indeed, the upper and lower layer move to the right (U > 0),
while the middle layer moves to the left (U< 0). Closer to the air curtain (at
X = -0.4 m and X = -0.2 m for Vj = 2.0 m/s and at X = -0.2 m for
Vj = 1.5 m/s), only two layers are observed again, but for a diﬀerent reason than
close to the smoke plume: now the negative velocities near the ﬂoor are induced
by the impinging jet from the air curtain, not by the entrainment into the smoke
plume. The higher the air curtain velocity, the stronger the backward ﬂow
towards the ﬁre source becomes.
Behind the air curtain (see the ﬁnal two sub-ﬁgures of Figures 5), the velocity
proﬁles have an ‘S-shape’ again for suﬃciently high air curtain velocities (i.e.,
Vj = 0.75 m/s or higher for the case at hand), due to entrainment into the air
curtain jet (U< 0 near the ceiling) and the impingement of the jet onto the ﬂoor
(U > 0 near the ﬂoor). This is also clearly observed in Figure 6.
It is mentioned that the recirculation region near the right boundary is not
caused by the boundary condition. Rather, it is induced by the air curtain
momentum. This has been veriﬁed through additional simulations, moving the
boundary further away (not shown).
Finally, it is noted that the vertical air curtain ﬂow is deﬂected by the horizon-
tal momentum of the smoke layer. Obviously, less deﬂection of the air curtain
Figure 5. Vertical profiles of mean horizontal velocity at different
locations in the symmetry plane of the wind tunnel. Vj refers to the air
curtain jet velocity (in m/s). Plume inlet temperature equals 300C.
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ﬂow is observed for higher air curtain jet velocity. A detailed quantitative analysis
of the jet trajectory and deﬂection angle is, however, a research study on itself and
is considered outside the scope of the present paper.
Figure 6. Contours of mean horizontal velocity and mean velocity
vectors in the symmetry plane of the wind tunnel. U > 0 represents
flow to the right; U<0 represents flow to the left. From top to
bottom: Vj = 0 m/s, Vj = 0.5 m/s, Vj = 0.75 m/s, Vj = 1 m/s,
Vj = 1.5 m/s and Vj = 2.0 m/s. Plume inlet temperature equals
300C.
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3.3. Inﬂuence of Air Curtain on the Temperature Field
Figure 7 shows the mean temperature contours in the symmetry plane of the wind
tunnel. The similarity to Figure 6 is, of course, striking, due to the convective
transport of heat with the ﬂow. Figure 7 reveals that the temperature rise behind
the air curtain becomes very small when the air curtain velocity is higher than or
equal to V = 0.75 m/s, which corresponds to R > 4.29 (see Table 1). The tem-
perature rise behind the air curtain becomes less for higher values of R, of course.
Figure 7. Mean temperature contours in the symmetry plane of the
wind tunnel. From top to bottom: Vj = 0 m/s, Vj = 0.5 m/s,
Vj = 0.75 m/s, Vj = 1 m/s, Vj = 1.5 m/s and Vj = 2.0 m/s. Plume
inlet temperature equals 300C.
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However, as mentioned in Section 3.2, more back-ﬂow with fresh air will move to
the ﬁre source as the air curtain velocity (or R) increases. This may strengthen an
under-ventilated ﬁre and is in any case not deemed useful. The air curtain does
not introduce heat into the domain, since the injected air is at ambient tempera-
ture. A detailed discussion on the sealing eﬀectiveness of the air curtain is shown
in Section 3.5.
Figure 8 shows the vertical proﬁles of mean temperature at the same locations
as the mean velocities, shown in Figure 5. Like the smoke ﬂow ﬁeld, the tempera-
ture ﬁeld is strongly aﬀected by the air curtain operation. It is clear that, with the
air curtain in operation, smoke accumulates in between the ﬁre and the air cur-
tain, even though smoke is ﬂowing out through the left opening of the wind tun-
nel. Indeed, compared to the case Vj = 0 m/s, the smoke layer thickness increases
with increasing air curtain velocity (up to Vj = 1 m/s, i.e., R = 7.63, see Table 1).
This accumulation causes the smoke layer interface, determined based on the sec-
ond derivative of the temperature proﬁle [15], to descend by approximately 0.05 m
(15% of ceiling height, mean value of the four positions in between the smoke
plume and the air curtain), which can be a drawback. For still higher values of R,
the smoke layer thickness decreases again, and temperatures become lower, due to
the strong backﬂow of cold air, as depicted in Figure 6. More smoke is then also
Figure 8. Vertical profiles of mean temperature at different locations
in the symmetry plane of the wind tunnel. Vj refers to the air curtain
jet velocity (in m/s). Plume inlet temperature equals 300C.
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pushed out through the left opening of the wind tunnel. As mentioned above,
such back-ﬂow of fresh air towards the ﬁre source is in general undesired, though.
Note that the maximum smoke layer temperature at X = -0.2 m (i.e., close to
the air curtain) is hardly aﬀected by the presence of the air curtain, unless the air
curtain jet velocity is extremely high (see Vj = 2 m/s in Figure 7). In other words,
there is hardly any cooling eﬀect by the injected cold air (20C) from the air cur-
tain as long as the jet velocity is not extremely high (and thus the amount of the
back-ﬂow is not excessive).
Also note that the sealing eﬀect is the strongest near the air curtain (X =
-0.2 m), but even close to the smoke source (X = -0.8 m) the impact of the air
curtain is signiﬁcant, regardless the air curtain velocity.
The last two sub-ﬁgures of Figure 8 clearly show that the temperature behind
the air curtain is signiﬁcantly lower, compared to an unobstructed open situation.
Note, though, that the temperatures are consistently higher for Vj = 1.5 m/s than
for, e.g., Vj = 1.0 m/s behind the air curtain. We come back to this point in Sec-
tion 3.5.
3.4. Inﬂuence of the Smoke Plume Inlet Temperature
In this subsection, the impact of the hot smoke plume inlet temperature is exam-
ined. To that purpose, all the settings are kept identical, except for the inlet tem-
perature for the hot smoke plume, which is set to 150C and 600C, respectively
(in addition to 300C, which has already been discussed above). The air curtain jet
velocity is set to 0.75 m/s, which corresponded to the onset of smoke blocking
above. Table 1 reveals that the range of values for R is from approximately 4.1 to
approximately 6.1. As mentioned in Section 3.1, a higher (resp. lower) inlet tem-
perature denotes, essentially, a higher (resp. lower) HRR. However, the main
intent here is to vary the smoke layer ﬂow properties (in terms of temperature,
velocity and momentum) and investigate their inﬂuence on the air curtain, rather
than express the ﬁndings as a function of the ﬁre size. Indeed, the hot smoke layer
momentum can vary strongly for the same HRR value, depending on the tunnel
geometry and the geometrical dimensions of the ﬁre. Indeed, the tunnel height and
geometrical size of the ﬁre will strongly aﬀect the amount of entrainment into the
vertical plume (and thus the temperature and momentum in the impingement
region of the ceiling jet), while the width of the tunnel will strongly aﬀect the
velocity (and thus momentum), given a certain mass ﬂow rate (and temperature).
Figure 9 presents vertical proﬁles of mean horizontal velocity at the same loca-
tions in the symmetry plane of the wind tunnel as in Figure 5. In between the
smoke plume and the air curtain, slightly higher ceiling jet velocities are observed
for the smoke plume with higher inlet temperature, particularly suﬃciently far
from the air curtain, for the same reasons as explained in Figure 4. Closer to the
air curtain, the blocking eﬀect is visible, as the ﬂow stagnates (compared to the
result shown in Figure 4). At all locations between the smoke plume and the air
curtain, the shapes of the velocity proﬁles are very similar, regardless of the smoke
plume inlet temperature. At the locations behind the air curtain, the ﬂow ﬁeld
changes from ‘two zones’ to ‘three zones’ when the air curtain can no longer
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block the smoke, due to the higher smoke momentum induced by the higher
plume inlet temperature.
Figure 10 presents contour plots of the mean horizontal velocity, as well as the
velocity vectors, in the symmetry plane of the wind tunnel for the three hot smoke
inlet temperatures. Clearly a stronger deﬂection of the air curtain ﬂow is observed
for higher smoke inlet temperature, due to the increased horizontal momentum
(see Table 2).
Not surprisingly, as explained above (for Figures 6, 7), this is also reﬂected
in the contour plots for mean temperature. Indeed, Figure 11 reveals clearly
again that the temperature rise behind the air curtain becomes less for higher
values of R.
Figure 12 further quantiﬁes the results presented in Figure 11, by means of
mean temperature proﬁles. These can be compared to Figures 4 and 8. Both in
front of and behind the air curtain, higher smoke layer temperatures are observed
for higher smoke inlet temperature, as expected. However, the smoke layer inter-
face height in between the smoke plume and the air curtain is to a large extent
independent of the smoke inlet temperature. It is clearly thicker than when the air
curtain is not activated (Figure 4), as discussed above for Figure 8.
Figure 9. Vertical profiles of mean horizontal velocity at different
locations in the symmetry plane of the wind tunnel. The legend refers
to the plume inlet temperature (in C). The air curtain jet velocity is
set to Vj = 0.75 m/s.
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Figure 10. Mean horizontal velocity contours in the symmetry plane
of the wind tunnel. U > 0 represents flow to the right; U<0 repre-
sents flow to the left. From top to bottom: plume inlet temperature
equal to 150C, 300C and 600C. The air curtain maximum inlet
velocity is Vj = 0.75 m/s.
Figure 11. Mean temperature contours in the symmetry plane of the
wind tunnel. From top to bottom: plume inlet temperature equal to
150C, 300C and 600C. The air curtain maximum inlet velocity is
Vj = 0.75 m/s.
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3.5. Sealing Eﬀectiveness of a Vertical-Downward Air Curtain
The performance of an air curtain, i.e., its ability to reduce the heat and mass
transfer, is usually assessed in terms of sealing eﬀectiveness [18]. The eﬀectiveness
E is deﬁned here in terms of the diﬀerence between the overall temperature rise,
DTVj , obtained from integration over the volume downstream of the air curtain,
and the reference value, DTVj¼0, when the air curtain is absent:
E ¼ 1 DTVj
DTVj¼0
ð2Þ
DTVj has been calculated as:
DTVj ¼
1
V
Z
TVj x; y; zð Þ  Tamb
 
dxdydz ð3Þ
where V is the downstream volume over which the integrated temperature rise is
calculated, i.e., the entire tunnel space behind the air curtain from X = 0.025 m
to the end of tunnel X = 0.625 m (see Figure 2). The reason for choosing the
Figure 12. Vertical profiles of mean temperature at different
locations in the symmetry plane of the wind tunnel. The legend refers
to the plume inlet temperature (in C). The air curtain maximum inlet
velocity is Vj = 0.75 m/s.
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boundary of the volume 0.025 m downstream of the center of the air curtain is to
leave out the inﬂuence of air curtain. In Equation (3), TVj x; y; zð Þ is the tempera-
ture at location of x; y; zð Þ and Tamb is the ambient temperature (Tamb ¼ 20C).
Table 3 shows the sealing eﬀectiveness values of all the tests in the present
study.
Figure 13 shows the relationship between the sealing eﬀectiveness E and the
momentum ratio R. The sealing eﬀectiveness E increases as the momentum ratio
R increases. The maximum eﬀectiveness is attained for R = 8–10. This increase of
sealing eﬀectiveness is due to the increased blocking eﬀect of the air curtain as the
momentum ratio R increases.
A decrease in the eﬀectiveness is subsequently observed in the range R = 10–
25. The reason is that the higher momentum of the air curtain causes a stronger
impinging jet onto the ﬂoor, pushing smoke into the downstream region, as
shown in Figure 7: for air curtain with Vj = 1.5 m/s, there is a larger region with
(moderately) higher temperatures downstream the air curtain than with
Vj = 1 m/s. This indicates a drawback of the use of vertically downward air cur-
tains.
Table 3
Effectiveness of Air Curtain for All Test Cases (in %)
0.5 0.75 1 1.2 1.4 1.5 1.6 1.8 1.9 2
150 51.3 59.9 47.4 42.9 42.4 43.6
300 36.2 46.1 57.4 50.7 43.4 41.4 36.1 34.7 46.0 53.9
600 44.0 52.4 41.2 42.6
Top row: air curtain maximum inlet velocity (in m/s); left column: smoke plume inlet temperature (in C)
Figure 13. Air curtain sealing effectiveness E versus momentum ratio
R.
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An increase in the eﬀectiveness is observed again if R continues to increase, as
shown for R > 25. The reason is dilution of the smoke, not only by the air cur-
tain itself, but also because a signiﬁcant amount of (fresh) air is entrained into the
domain from the right opening (see the last ﬁgure of Figure 5).
4. Conclusions
FDS (6.0.1) CFD simulation results of smoke ﬂow and temperature ﬁelds in a
wind tunnel, under the eﬀect of an air curtain for smoke blocking, have been dis-
cussed. A range of air curtain inlet velocities and smoke inlet temperatures have
been considered.
The results have been presented in a non-dimensional manner, through the
quantity R (Equation (1)), expressing an ‘eﬀective momentum ratio’, based on
ratio of the vertically downward momentum of the air curtain to the horizontal
momentum of the hot smoke layer underneath the ceiling at the position of the
air curtain.
The performance of an air curtain is expressed as the sealing eﬀectiveness E.
For small values of R, the sealing eﬀectiveness E increases as the momentum ratio
R increases. A maximum air curtain sealing eﬀectiveness, E  60%, is attained for
R = 8–10 for the case at hand. It is not recommended to apply higher values of
R, since this reduces the sealing eﬀectiveness. For very high values of R the eﬀec-
tiveness increases again, due to dilution of the smoke that is pushed in the down-
ward region. Note that high values of R can also lead to additional oxygen supply
to the ﬁre seat, due to the impingement on the ﬂoor, which can be hazardous in
case of under-ventilated ﬁres.
The maximum value of the sealing eﬀectiveness being only 60% indicates that
the use of vertical air curtains is not recommended. The reason for that is that the
vertical momentum of the air curtain cannot directly compete with the horizontal
momentum of the smoke motion.
In case of an air curtain in operation, smoke accumulates upstream of the air
curtain, resulting in higher temperatures and a descent of the smoke layer inter-
face height, compared to the situation without air curtain. This can be a draw-
back.
The air curtain ﬂow is deﬂected by the horizontal momentum of the smoke.
The deﬂection becomes less for higher air curtain jet velocity, for a given level of
smoke momentum (i.e., for given smoke inlet temperature, in a given geometry).
Similarly, the deﬂection becomes more pronounced for higher smoke inlet temper-
ature, given a certain air curtain velocity. Indeed, the higher smoke inlet tempera-
ture increases the horizontal momentum of the smoke layer, due to increased
energy injection and increased buoyancy (and thus increased entrainment in the
vertical smoke plume).
2024 Fire Technology 2016
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中文摘要 
I 
 
摘  要 
 
烟气是火灾中人员伤亡的主要因素，为了有效地控制火灾烟气，工程中需应
用相应的烟气控制方法。现有的挡烟措施或多或少存在不足，空气幕作为一种柔
性隔断，可以在不妨碍人员疏散的同时有效地阻挡烟气向安全区域蔓延，因而空
气幕挡烟成为消防安全领域研究的热点问题之一。目前国内外关于空气幕挡烟的
研究还不充分，关于空气幕挡烟性能的量化及各因素对其性能的影响等问题还有
待进一步的研究。 
狭长通道常出现在建筑中的走廊、地下通道等部位，用于满足人员通行，实
现空间联络功能。空气幕挡烟用于远离火源的疏散通道，这样的通道可以近似为
狭长通道。另一方面，作为应急疏散的重要部位，狭长通道内的烟气流动方向与
人员疏散方向一致，危险性较大。因此，论文以狭长通道内的空气幕挡烟为背景，
开展狭长通道空气幕挡烟性能及其影响因素研究，论文的研究对推进空气幕挡烟
投入实际应用以及保障公共消防安全具有重要意义。 
论文在空气幕平面湍流射流理论的基础上，讨论了空气幕射流的数值模拟方
法。研究了 FDS（Fire Dynamics Simulator）数值模拟中射流喷口的边界处理方法
以及在入口边界使用合成涡流法模拟平面湍流射流的可行性与可靠性。通过小尺
寸实验和 FDS数值模拟相结合的方法，对空气幕挡烟下游区域的温度分布、挡烟
效率及其影响因素进行了研究。 
论文以火灾动力学模拟软件 FDS为平台，研究了空气幕平面湍流射流中喷口
的数值模拟边界处理方法。以空气幕射流初始段为研究对象，主要包括空气幕射
流数值模拟边界数据的获取、喷口类型以及喷口湍流参数的获取等。通过与前人
经验公式、实验数据和模拟数据做对比的方法，提出了可满足空气幕平面射流流
动特性的喷口的数值模拟边界处理方法。 
采用 FDS数值模拟，研究了射流喷口边界采用合成涡流法模拟平面湍流射流
特性的方法及合成涡流方法中参数的设置。以空气幕射流的主体段为研究对象，
主要包括计算网格分析、湍流模型的影响、入口管段与合成涡流法以及湍流速度
入口边界条件的处理等。讨论了在入口边界使用合成涡流法模拟平面湍流射流的
可行性与可靠性。对速度入口湍流边界条件采用合成涡流法，可在满足空气幕数
值模拟准确性的同时缩短入口管段长度，节省计算资源。并进一步研究了合成涡
流方法中相关参数对射流流动特性的影响及其相关参数的设置。 
通过小尺寸实验与 FDS数值模拟相结合的方法，分别对火源功率、空气幕射
流速度、空气幕喷口宽度和空气幕射流角度等参数的影响进行讨论。对各影响因
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素进行综合分析，并提出了影响空气幕挡烟性能的三个重要参数：表征空气幕与
顶棚射流相对作用力大小的无量纲量动量比 R、表征空气幕射流的稀释效应大小的
无量纲量形状系数 AR以及表征射流横向动量大小的射流角度𝜽𝜽。研究得到当火源
功率变化时，可以通过调节空气幕射流速度，使动量比 R 保持不变，从而实现不
同火源功率的相同的空气幕挡烟效率。 
空气幕挡烟效率随着动量比 R 的增大，经历快速升高、趋于稳定、缓慢上升
的三个过程。论文提出了有效动量比 𝑹𝑹𝒆𝒆𝒆𝒆 的概念，定义有效动量比为空气幕挡烟
效率经历快速升高并逐渐趋于稳定时的拐点，其值在 10-15的范围之间，此时挡烟
效率最佳。空气幕的挡烟效率与喷口宽度以及射流角度有关。挡烟效率整体随着
喷口宽度（形状系数 AR）以及射流角度的增大而增大。 
结合小尺寸实验与 FDS数值模拟结果，研究了用于评价空气幕挡烟性能的量
化指标。提出局部挡烟效率𝑬𝑬𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍与平均挡烟效率𝑬𝑬𝒎𝒎𝒆𝒆𝒍𝒍𝒎𝒎，用于评价空气幕的挡烟
性能。研究了垂直射流空气幕，形状系数 AR与在有效动量比𝑹𝑹𝒆𝒆𝒆𝒆处获得的平均挡
烟效率𝑬𝑬𝒎𝒎𝒆𝒆𝒍𝒍𝒎𝒎之间的函数关系，建立了垂直射流空气幕平均挡烟效率𝑬𝑬𝒎𝒎𝒆𝒆𝒍𝒍𝒎𝒎预测模
型。 
在综合分析影响空气幕挡烟性能的主要因素的基础上，基于挡烟效率达到最
佳值的有效动量比𝑹𝑹𝒆𝒆𝒆𝒆，以及平均挡烟效率𝑬𝑬𝒎𝒎𝒆𝒆𝒍𝒍𝒎𝒎的预测模型，构建了垂直射流挡
烟空气幕应用设计的初步框架。 
 
关键词：空气幕，挡烟性能，烟气控制，狭长通道，小尺寸实验，FDS，SEM 
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ABSTRACT 
 
It is well-known that smoke is the most fatal factor in fires. A variety of smoke 
control methods have been proposed to prevent the smoke from causing a harmful 
environment for the building occupants in fire accidents. However, there are some 
shortcomings or limitations in the existing smoke control methods. Therefore, the air 
curtain as a new type of virtual smoke blocking method is investigated, which is 
expected to be an ideal way of blocking smoke dispersion effectively without 
interrupting the evacuation of people at the same time. However, at present, there is still 
a lack of clear design method and regulation for the use of air curtains as a smoke 
control system. Therefore, it is of great important to study the sealing effectiveness and 
the main parameters that affect the performance of air curtains for smoke blocking.  
A tunnel or corridor-like configuration (long and narrow space) often appears in 
various types of buildings as an important space for evacuation, such as corridors, 
underpasses and linked tunnels. As a passageway for emergency evacuation in fire, it 
has received large research attention in recent years. The present study focuses on the 
smoke sealing effectiveness of an air curtain based on this representative configuration 
in buildings. 
Based on the planar jet and duct flow theory, the numerical simulation capabilities 
of the Fire Dynamics Simulator (FDS 6) for planar air curtain flows and related flows 
from straight rectangular ducts are assessed systematically. Small-scale experiments 
carried out were successfully reproduced by numerical simulations, which verified the 
reliability of using FDS in simulating the phenomenon of smoke blocking by air curtain 
flow. Then through the combination of small-scale experiments and FDS numerical 
simulations, the sealing effectiveness of air curtain and its most influential factors were 
studied.  
The ‘near-field’ and ‘far-field’ regions of the air curtain flow are discussed. The 
reliability of FDS simulations is further verified by comparison with the empirical 
formula, experimental data and simulation data. The study of ‘near-field’ region of the 
air curtain flow mainly deals with the impact of the inlet boundary condition, orifice 
configurations and the acquisition of the turbulent parameters at the nozzle from a duct 
flow simulation.  
The research on the ‘far-field’ region of the air curtain flow mainly involves the 
重庆大学博士学位论文 
IV 
impact of grid resolution, synthetic turbulent inflow boundary conditions and sub-grid 
scale eddy viscosity models. The results show that the impact of turbulent viscosity 
model is noticeable, but not of primary importance for the flow at hand, provided that a 
sufficiently fine computational mesh is used. The FDS results successfully reproduce 
the planar jet flows, both in terms of mean variables and second-order statistics. 
‘Reference’ results have been obtained with a fully developed turbulent flow emerging 
from a long inlet duct. By reducing the inlet duct length and applying the Synthetic 
Eddy Method (SEM) at the inflow boundary condition, the ‘reference’ results have been 
reproduced with a reduction in the computing times. However, care must be taken when 
choosing the parameters of SEM, in particular the number of eddies and their length 
scale. 
A study has been conducted on the air curtain sealing effectiveness and its 
influential factors. In this part of the thesis, the effects of heat release rate (HRR), air 
curtain jet velocity, slot width and injection angle are discussed through a combination 
of small-scale experiments and FDS numerical simulation. A comprehensive 
quantitative analysis of the various influential factors is conducted. Three important 
parameters that determine the performance of air curtains for smoke confinement are 
presented, i.e., the dimensionless momentum ratio R that characterizes the relative force 
between the air curtain and the smoke motion (as ceiling jet), the dimensionless shape 
factor AR (AR=W/L) that characterizes the dilution effect of the air curtain jet and the 
injection angle θ that characterizes the horizontal force of the air curtain. The results 
show that for a certain air curtain slot width and injection angle, the equivalent smoke 
sealing effectiveness can be achieved for different values of HRR and air curtain jet 
velocity as long as the momentum ratio R is equal.  
With increasing momentum ratio R, the air curtain sealing effectiveness first 
increases rapidly, then remains nearly stable and finally slowly increases. An efficient 
momentum ratio is obtained at the point (𝑅𝑅𝑒𝑒𝑒𝑒 = 10 − 15 ) at which the sealing 
effectiveness becomes stable after the rapid increase. At this moment the sealing 
effectiveness reaches the ‘optimum’ value. For a constant momentum ratio R, the 
sealing effectiveness increases with nozzle width (shape factor AR).  
Thus, a further study was conducted, focusing on the influence of shape factor AR 
on the average sealing effectiveness 𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎 obtained at the effective momentum ratio 
𝑅𝑅𝑒𝑒𝑒𝑒 for a vertical downward air curtain. It shows that the relationship between the 
average sealing effectiveness 𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎 and the shape factor AR is exponential.  
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Based on the comprehensive analysis of the main parameters that affect the 
performance of air curtain for smoke blocking, the air curtain engineering application 
was briefly discussed. 
 
Keywords: Air Curtain, Sealing Effectiveness, Smoke Control, Tunnel Configuration, 
Small-scale Experiment, FDS, SEM 
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𝑈𝑈0,𝑐𝑐，射流出口处的射流轴心位置的时间平均
流速，m/s 
𝑈𝑈𝑚𝑚，射流轴心任意位置的时间平均流速，m/s 
𝐾𝐾𝑢𝑢，速度的衰减速率，无量纲 
𝑊𝑊，射流喷口的短边尺寸（宽度），m 
𝑋𝑋1/𝑊𝑊，射流无量纲虚原位置，无量纲 
𝑦𝑦0.5𝑚𝑚，射流的半值宽，m 
𝐾𝐾𝑦𝑦，扩散速率，无量纲 
𝑋𝑋2/𝑊𝑊，另一射流无量纲虚原位置，无量纲 
𝑏𝑏0，喷口宽度的一半，即𝑏𝑏0 = 0.5𝑊𝑊，m 
𝑠𝑠，沿x方向距离喷口的距离，论文采用符号X，
m 
𝑎𝑎，湍流系数，无量纲 
?̇?𝑄，火源功率，kW 
∆𝐻𝐻𝑐𝑐，液化石油气体积热值，kJ/m3 
?̇?𝑉，液化石油气体积流量，m3/s 
χ，燃烧效率(χ = 100%)，无量纲 
𝐶𝐶𝑠𝑠，模型常数，默认值为 0.2，无量纲 
𝐶𝐶𝑣𝑣，模型常数，默认值为 0.1，无量纲 
𝑐𝑐，模型常数，默认值为 0.07，无量纲 
∆，滤波函数尺度，m 
𝑓𝑓，形函数 
𝑁𝑁_𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸，涡的数量 
L_EDDY，特征涡旋长度尺度，m 
VEL_RMS，均方根速度波动，m/s 
𝐸𝐸ℎ，空气幕条形送风口水力直径，m 
𝑆𝑆𝑃𝑃，湍流入口的面积，m2 
𝑆𝑆𝑆𝑆，特征涡旋截面积，m2 
TKE，湍流动能，m2/s2 
𝐿𝐿𝑒𝑒，动力入口长度，m 
𝑈𝑈𝑟𝑟𝑚𝑚𝑠𝑠，湍流速度波动的均方根，m/s 
𝑈𝑈�𝑎𝑎，模拟值，m/s 
𝑈𝑈𝑎𝑎，高斯函数理论值，m/s 
𝑢𝑢′, 𝑣𝑣′, 𝑤𝑤′，速度脉动值，m/s 
I，湍流强度，无量纲 
H，通道高度，m 
r，距火源距离，m 
𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙，局部挡烟效率，无量纲 
∆𝑇𝑇𝑉𝑉𝑗𝑗，空气幕作用时下游某断面平均温升，K 
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1 绪  论 
 
1.1 研究背景及选题意义 
1.1.1 火灾烟气的危害 
烟气是可燃物在燃烧或热解过程中产生的可悬浮在气相中的未完全燃烧的可
燃物固体和液体小颗粒以及燃烧产物与空气的混合物。其中燃烧产物包括水蒸汽、
CO2、CO及氰化氢（HCN）等多种腐蚀性或有毒有害的气体。烟气的成分和性质
并不是一成不变的。通常，由于参与燃烧的物质组成成分复杂，引发火灾燃烧的
因素多种多样，火灾燃烧状态与条件也千差万别，因此燃烧生成的烟气成分也不
尽相同[1]。 
发生火灾时，对人员生命安全构成最大威胁的就是火灾中产生的烟气。资料
显示，火灾中烟气是致人死亡的首要因素。据我国数据统计显示，火灾中有超过
80％的人员伤亡归因于吸入有毒烟气所致[2, 3]。根据英国和美国的统计数据也发现，
有超过 50%的人员死亡归因于吸入有毒烟气所致[4]。进一步证实了烟气是致人死亡
的首要因素。火灾烟气的危害性主要表现在恐慌性、减光性和毒害性三个方面[5]。 
①火灾烟气的恐慌性。发生火灾时，当人们见到火焰和烟气以很大的速度冲
出门窗孔洞并伴随巨响时，会使人产生恐惧，导致惊慌失措甚至失去理智，给疏
散过程造成混乱，最终严重影响疏散时间。 
②火灾烟气的减光性。火灾烟气对可见光有遮蔽作用。发生火灾产生浓烟时，
可见光因受到烟气的遮蔽而大大减弱，能见度大大降低，这就是烟气的减光性。
同时，加上烟气中的一些腐蚀性气体（如 HCN和 NH3等）对人的肉眼有极大的刺
激性，也会对人的视力造成极大影响。使人们的行动速度大大降低。 
③火灾烟气的毒害性。首先，火灾发生时，火灾燃烧会耗费大量氧气。当空
气中的含氧量低于 15％时，人的肌肉活动能力下降；降到 10-14％时，人就四肢无
力，思维混乱，辨不清方向；降到 6-10％时人就会晕倒。其次，火灾发生时，会
产生各种有毒有害气体。比如常见的一氧化碳（CO）和氰化氢（HCN）。通常，
火灾烟气中的这两种物质的浓度较高，都足以造成致命的伤害（Hartzell等，1985[6]）。
CO 与 HCN 都会降低氧在体内代谢的含量，但机理有所差别。一方面，一氧化碳
与氧气竞争血液中的血红蛋白，形成相对稳定的羧基血红蛋白，造成血液的携氧
能力降低。而另一方面，氰化氢会抑制细胞代谢中的氧的利用。然而，这两个过
程都会导致大脑氧气供应减少，甚至导致致命的后果，这取决于每种气体的吸入
量。再次，火灾发生时，还会产生大量的悬浮微粒，这些悬浮微粒中危害最大的
是直径小于 10微米的飘尘，它们肉眼看不见，当吸入肺部时，粘附并聚集在肺泡
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壁上，可随血液送至全身，引起呼吸道疼痛，增大心脏病死亡率。最后，火灾烟
气温度可高达数百摄氏度，很容易引起灼伤的危险情况发生。 
综上所述，图 1.1以一栋二层楼房发生火灾为例，通过疏散的过程以及时间顺
序对烟气的危害进行详细说明。如图所示，图 1.1模拟的是一层发生火灾，烟气已
通过楼梯蔓延至二层房间门口处，有人被困二层房间欲通过楼梯进行疏散的案例。
当逃生者打开房门后，进入烟气区，由于烟气的减光性，其视线会立刻受到影响，
随后几秒内由于烟气对肉眼的极大刺激性，逃生者会感到眼睛刺痛，视力进一步
下降。进而使人们的行动速度大大降低。于此同时，由于吸入大量有毒有害气体，
还会出现呼吸困难和胸部疼痛的症状，几分钟后就将导致昏迷或者窒息死亡。即
使逃生者被救出火场，在随后的治疗阶段，当时烟气造成的大脑、心脏或肺部的
损害仍然会是致命的。因此，烟气控制是当前火灾研究重点关心的问题。 
 
 
图 1.1 火灾烟气的危害性发展顺序（Purser & McAllister [7]） 
Fig.1.1 Sequence of hazards for occupants in fire smoke (Purser & McAllister [7]) 
 
1.1.2 主要烟气控制措施 
由于烟气是火灾中威胁生命的头号杀手，为了尽可能地避免火灾时烟气危害
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人员的生命安全，需要采取一些必要的烟气控制措施。烟气控制的主要目的是在
建筑物内创造无烟或烟气含量极低的水平和垂直的疏散通道或者安全区域。烟气
控制的实质是控制烟气合理流动，也就是不使烟气流向疏散通道、安全区域和非
着火区，而向室外流动。 
烟气控制措施又称为防排烟措施，是防烟措施和排烟措施的总称。在建筑中
主要通过设计合理的防排烟系统来具体执行防烟和排烟措施。因此，防排烟系统
也是防烟系统和排烟系统两个系统的总称。排烟系统指的是将烟气排至建筑物外
的系统，主要可以通过自然通风或者机械排烟方式来实现。由于论文研究的空气
幕属于防烟范畴，论文不对排烟系统做过多的介绍。 
广义上的防烟可以分为防止烟气产生和防止烟气蔓延两种方式[5]。防止烟气产
生主要指的是在建筑中采用火灾发生时难燃且产烟量小的材料，这样可以尽可能
地减少烟气的产生。防止烟气蔓延也就是挡烟，其目的就是利用某种方法或某些
耐火性能好的材料把烟气隔离在一些限定区域内，不让它蔓延到某些重要区域，
以免对人员生命和财产安全产生重大危害。需要特别说明的是，由于空气幕的主
要作用是挡烟，及防止烟气蔓延，属于广义上的防烟方式的一种。准循此定义，
论文统一采用“空气幕挡烟”一词。 
根据挡烟机理可以将主要挡烟措施划分为分区法（Compartmentation）和加压
法（Pressurization）2类[7]。 
①分区法 
分区法指的是使用挡烟分隔手段将建筑空间划分为一定大小的防烟分区的方
法。这种挡烟方式虽然较传统，却是控制烟气蔓延的基本方法。挡烟分隔的材料
必须具有一定的耐火性能，以防止烟气温度过高而遭破坏。一般使用固体壁面，
例如墙壁、隔板、楼板、门窗和挡烟垂壁等结构作为防烟分隔。 
挡烟垂壁是最为常见的一种防烟分隔结构，主要是为了阻止烟气的水平蔓延
而设置的。其优点是结构简单造价较低，缺点是由于建筑层高的限制，一般挡烟
垂壁的高度都有一定要求（限制）。根据《建筑设计防火规范》 GB50016-2014[8]，
垂壁的下端一般距顶棚不小于 500mm。根据美国的 NFPA 204规范[9]，挡烟垂壁最
小高度应大于顶棚高度的 20%。一般在火灾发展初期，蓄烟量较小，挡烟垂壁可
以较有效的阻止烟气的水平蔓延。随着火灾的发展，如果烟气层越来越厚，烟气
则可能越过挡烟垂壁继续蔓延，这样挡烟垂壁就失去了控烟的作用。 
②加压法 
加压法又称加压防烟技术，指的是建筑物内发生火灾时，对着火区以外的区
域进行加压送风，使这些区域的压力高于着火区，并维持在一定的压力差值以上，
从而防止烟气侵入这些区域的技术，如图 1.2所示。为了阻止烟气流入被加压区域，
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必须达到：门开启时，门洞有一定向着火区的风速；门关闭时，被加压区维持一
定正压。这也是设计加送风系统的两条原则。 
 
 
图 1.2加压送风系统示意图 
Fig.1.2 Sketch of pressurization system 
 
加压防烟系统目前主要用于建筑的垂直疏散通道和避难层（间）。在高层建
筑中，疏散通道的距离长，人员逃生更加困难，对人生命威胁更大，因此在这类
建筑物中烟气的控制尤为重要。在高层建筑中，防烟楼梯及其（合用）前室和消
防电梯间前室，是楼内人员疏散的必经之地，不管是否有自然排烟条件，都必须
采用加压防烟。 
Adam Bittern（2015）[10]调查了全球包括英国，美国，加拿大，西班牙，泰国，
委内瑞拉，中国大陆和香港等地区近 20 年内的 50 起高层建筑火灾。研究发现高
层建筑的加压防烟系统有效挡烟的成功率仅为 10%。这主要是由于加压防烟系统
存在以下不足： 
首先，加压防烟系统需要较大送风量使整个楼梯间保持正压。其次，当送风
竖井过高时，可能出现靠风机较近的区段风压较高，远离风机的区段风压较低。
空气量分配不均可能影响烟控系统的正常工作。第三，加压防烟系统的压差太大
会引起开门困难，因此要限制最大压差。国外研究表明，为了能保证老、弱、妇、
幼也能顺利开门，加压防烟系统允许最大压差为 96Pa。最后，由于疏散过程与消
防救援过程中防火门需要反复开启或由于缺乏后期管理与维护，防火门损坏了无
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法密闭，都会导致难以维持疏散楼梯间保持正压的状态。因此实际发生火灾以后，
极易造成烟气的侵入，系统的稳定性在火灾中难以保证。 
据统计，2007年至 2016年，我国共发生高层建筑火灾 3.1万余起，死亡 474
人，伤 444人，直接财产损失 15.6亿元，呈逐年上升趋势。而上述常见的挡烟方
式都有各自的特点，也有各自的适用条件，也都存在一些不足之处。因而，研究
者欲探讨一种更加理想的挡烟方式。 
1.1.3 研究意义 
火灾中烟气是致人死亡的首要因素。据统计，火灾中有超过 80%的人员伤亡
归因于吸入有毒烟气所致[2, 3] 。为了避免火灾烟气危害生命安全，需要采取一些
必要的烟气控制措施。烟气控制的主要目的在于有效地控制火势的蔓延扩大，为
安全疏散与火灾扑救创造有利条件。因此，火灾烟气控制一直是建筑火灾研究领
域重点关心的问题之一[11]。 
传统的挡烟措施存在一些不足之处。如防火门、防火卷帘和防火幕等刚性挡
烟隔断，存在不利于人员疏散以及烟气易进入疏散通道的弊端。而保证加压防烟
系统稳定性的要求较高。理想的挡烟方式是：既能严格地阻止火灾烟气侵入疏散
通道或避难区域，确保这些区域的绝对安全，又能允许受灾人员和消防救援人员
自由地进出这些区域。现行的挡烟方式很难同时实现这两个要求。因此，空气幕
作为一种新型的柔性隔断可以在不妨碍人员疏散的同时有效地阻挡烟气向疏散安
全区域的蔓延，有望成为理想的挡烟方式[5]。 
然而，目前国内外关于空气幕挡烟的研究还不充分，关于空气幕挡烟性能的
量化及其影响因素（射流速度、射流角度、喷口尺寸等）的取值等问题还有待进
一步研究。研究空气幕的挡烟性能及其影响因素，对推进空气幕挡烟投入实际应
用以及保障公共消防安全具有重要意义。 
 
1.2 国内外研究现状 
由于空气幕的实际应用非常广泛，引起了大量国内外学者的广泛关注。目前
对空气幕的研究主要可分为对空气幕平面射流的基础理论研究以及空气幕的隔热、
防尘、挡烟等应用研究。论文从上述几个方面，对空气幕的研究现状进行文献综
述。 
1.2.1 空气幕平面射流理论研究 
空气幕平面湍流射流由于其对称性和二维性，在数值模拟与实验研究中都引
起了学者的极大兴趣。Schlichting（1933）[12]采用数值模拟方法对平面湍流射流的
开创性研究引起了大量学者对平面湍流射流的关注。该研究指出从一个长条形的
喷口喷出的空气幕射流，本质上应属于（二维）平面湍流射流。这项研究拉开了
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平面湍流射流研究的序幕。随后 Bickley（1937）[13]在 Schlichting（1933）的研究
基础上做了进一步研究，他采用数值模拟方法求解了连续性方程，计算了平面湍
流射流的质量流率。该研究说明了导致射流轴向中心线上的速度降低的原因是由
于射流的轴向发展伴随着周围流体的卷吸，并指出射流沿轴线运动的动量是守恒
的。然而该研究忽略了湍流的复杂特性。平面射流的二维特性在数值模拟中具有
优势。因此，对于湍流模型的验证，平面射流在数值研究中一直受到了极大的关
注 [14]。对于空气幕的数值模拟研究主要通过直接数值模拟（DNS）[15, 16]，雷诺平
均纳维-斯托克斯法（RANS）[17, 18]以及大涡模拟（LES）[19, 20]等方法。 
Forthman[21]于 1934年第一次开展了空气幕平面湍流射流实验，他使用比托管
测量平面射流在 0-25 喷嘴宽度（W）下游范围内的轴向平均流速。此后，越来越
多学者开始关注平面湍流射流，并进行了大量实验研究。Miller和 Comings（1957）
[22]进行了更全面的实验研究，利用热线风速仪得到了距离射流出口 0-40W范围内
的轴线平均速度、均方根速度波动以及静压分布等数据。Van der Hegge Zijnen（1958）
[23]在与 Forthman（1934）的轴向距离相同的情况下（0-25W），使用比托管和热线
风速仪对射流侧向平均速度和雷诺应力进行了实验研究。他对两个不同形状系数
的喷嘴进行研究，发现两种情况下中心线平均速度的衰减速率以及射流扩散速率
是不同的。Bradbury（1965）[24]研究了具有伴随流（Co-flow）的空气幕射流的情
况。结果表明，在喷嘴下游约 30W的距离处射流达到了自相似区，喷流的湍流强
度和剪切应力的分布与船波流（Wake flow）非常相似。此后， Heskestad（1965）
[25]再一次将研究范围拓宽至了 160W，并研究了射流轴向以及侧向的更多参数。同
时提出了射流出口形状以及雷诺数对射流的影响。随后 Jenkins 和 Goldschmidt 
（1973）[26]、Gutmark和Wygnanski（1976）[27]、Krothapalli（1981）[28]、Thomas
和 Goldschmidt（1986）[29]以及 George（1989）[30]等的研究都指出了射流出口条件
的重要性。 
十九世纪九十年代以后，Hitchman（1990）[31]、Deo（2007）[32]、Alnahhal（2009，
2011）[33, 34]以及 Liu（2014）[35]等对空气幕平面湍流射流的侧壁以及底面（如图
2.2）对射流流动特性的影响进行了详细研究。说明了底面对断面收缩效应（Vena 
contracta effect）的影响以及指出侧壁对保持射流二维流动特性的重要性。Quinn
（1992）[36]以及 Deo（2007）[37]等对射流喷口形状系数做了更详细的研究。此处
形状系数定义为(AR = w/h)，w为喷口的长度，论文采用 L表示，h为喷口的宽度，
本位采用W表示。研究指出射流二维流动特性随着形状系数的增大而变强，射流
扩散和衰减速率也随着形状系数的增大而增大。Vouros（2008）[38]、Deo（2008）
[39]、Mi（2011）[40]以及 Gori（2014）[41]等研究了射流出口雷诺数对射流自相似行
为以及扩散和衰减速率的影响。国内也有部分专家学者[42, 43]对空气幕射流的性质
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特点进行了理论分析推导，得到了不同类型射流轴向速度衰减以及射流截面流量
等经验公式。 
综上所述，射流出口条件对空气幕平面湍流射流的性质特点具有重要影响。
因而，FDS数值模拟空气幕平面湍流射流时，应注意射流出口边界条件的处理。 
1.2.2 空气幕的应用研究 
空气幕（Air curtain）是指风幕机喷射出的射流所形成的平面空气层。空气幕
的应用较为广泛，基本原理为利用平面空气射流阻止横贯射流面的气体流动，从
而有效地减少空气幕两侧区域的质量、组分与能量交换[44]。 
 
 
图 1.3空气幕的类型 
（a：单吹式（上吹）；b：单吹式（下吹）；c：吹吸式；d：侧吹式；e：双侧式） 
Fig.1.3 Sketch of air curtain types  
(a: Downward; b: Upward; c: Push-pull; d: Side blowing; e: Double-side blowing) 
 
空气幕系统根据不同的分类方法分为以下几种类型[44]：1）根据初始射流温度
相对于周围环境温度的高低，可以分为热空气幕、等温空气幕和冷空气幕；2）根
据空气幕系统结构的不同，可以分为单吹式空气幕和吹吸式空气幕（如图 1.3所示）；
3）根据安装位置的不同，可以分为上吹式空气幕、下吹式空气幕和侧吹式空气幕，
侧吹式空气幕包括单侧式和双侧式两种（如图 1.3所示）；4）根据风口的个数，可
以分为单风口空气幕与双风口空气幕（复式空气幕）。论文主要研究对象为单吹式
空气幕（上吹式）的挡烟性能。 
研究指出，发生火灾时，使用空气幕可以有效地控制烟气流动。国内外的研
究者对空气幕用于火灾烟气控制进行了如下研究： 
Guyonnaud（1998）[45]采用法国 Ecole des Mines de Nantes的小尺寸风洞实验
台（如图 1.4）研究了在（理想状态）横向压力差∆𝑃𝑃的作用下，单吹式空气幕（上
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吹式）的上下游的气体质量传递分析。研究发现与 Hayes和 Stoeker（1969）[46, 47]
以及 Partyca（1995）[48]的研究类似，欧拉数 Eu是在空气幕上下游横向压力差∆𝑃𝑃作
用下，保证空气幕的阻隔性能稳定的重要无量纲量。其中，定义欧拉数为空气幕
上下游横向压力差∆𝑃𝑃与空气幕射流动压𝜌𝜌𝑣𝑣2/2的比值。随后 Guyonnaud（2000）[49]
通过量纲分析法进一步得到了欧拉数与空气幕射流宽度 e，隧道高度 H等参数的关
系式。然而，需要注意的是真实火灾产生的（空气幕所受的）主要横向作用力为
烟气顶棚射流的横向移动作用力，而非此理想状态的均匀压力差∆𝑃𝑃。因此，该研
究结论是否适用于真实火灾情况值得进一步探讨。 
 
 
图 1.4 Ecole des Mines de Nantes的小尺寸风洞实验台（Guyonnaud（1998）[45]） 
Fig.1.4 Schematic view of the small-scale wind tunnel of Ecole des Mines de Nantes（Guyonnaud
（1998）[45]） 
 
何嘉鹏（1999）[50]研究了高层建筑烟气在前室门的流动特性，提出引起烟气
在建筑物中流动扩散的主要原因是烟囱效应的作用。基于此前提，研究了单吹式
空气幕（上吹式）应用于前室门挡烟的情况。采用流函数叠加的方法，提出了空
气幕在高层建筑挡烟的空气幕吹风口宽度以及射流速度的计算方法。随后，何嘉
鹏（2002）[51]通过小尺寸实验研究验证了[50]提出的理论计算方法，并指出吹吸式
优于单吹式，但优势不显著。从实用角度考虑，以单吹式为优。同时还给出了射
流角度宜在 25°- 35°之间，射流厚度在 2.5- 4.5 cm之间等建议。需要指出的是，
同样以上研究与 Guyonnaud 的研究类似，未考虑真实火灾时热膨胀对空气流动的
影响，而采用理想状态的均匀压力差∆𝑃𝑃来计算对空气幕的横向作用力。因此，其
适用性值得进一步探讨。 
周吉伟（2007）[5, 52]通过小尺寸模型实验以及数值模拟的方法主要研究了单吹
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式空气幕（上吹式）的初始速度和倾斜角度两个参数的变化对空气幕挡烟能力的
影响情况。实验采用图 1.5所示的中国科学技术大学火灾重点实验室的隧道小尺寸
模型实验台。结果表明，在通道场合下使用空气幕挡烟是可行的，空气幕倾角在
一定范围内时，空气幕初始速度越大，空气幕的挡烟能力越强。然而该研究缺乏
对空气幕的影响因素的综合分析。 
Hu（2008）[53] 采用相同实验台开展了单吹式空气幕（上吹式）用于隧道火灾
烟气与一氧化碳的控制研究。同时也采用了与 FDS数值模拟相结合的方法对实验
结果做进一步研究。结果表明，火灾产生的烟气和一氧化碳气体在空气幕的阻挡
作用下几乎保持在空气幕一侧近火区域。烟气温度和一氧化碳浓度（烟气量）具
有相同变化规律。另一侧（保护区）内的气体温度和一氧化碳浓度随着空气幕射
流速度的增加而呈指数递减的趋势。直观地证明了空气幕用于火灾中烟气控制的
可行性。然而该研究仅考虑了不同火源功率下，空气幕射流速度的影响，未考虑
影响空气幕挡烟性能的其他参数的影响。 
 
 
图 1.5中国科学技术大学火灾重点实验室的隧道小尺寸模型实验台（Hu（2008）[53]） 
Fig.1.5 Sketch of experimental small-scale tunnel in USTC（Hu（2008）[53]） 
 
黄冬梅（2008）[54-56]通过数值模拟的方法，研究了高层建筑前室门处单吹式
空气幕（上吹式）的挡烟效果。分析了各参数变化对空气幕挡烟效果的影响，同
时得到了特定研究火灾场景及建筑结构条件下的，空气幕射流出口风速与火源总
释放速率的关系。 
Ji（2009）[57]基于周吉伟[5]的实验研究通过理论分析与数值模拟结合的方法研
究了长隧道火灾中单吹式空气幕（上吹式）挡烟的临界条件。提出了满足完全阻
隔烟气情况的两个临界条件。然而该研究同样只考虑了空气幕射流速度的影响。 
Krajewski（2011）[58]通过讨论利用 CFD应用程序计算，设计和优化挡烟空气
幕的例子，说明了 CFD用于消防安全工程，尤其是空气幕（单吹、上吹式）挡烟
的设计和优化的可行性。Krajewski（2013）[59]通过 CFD与小尺寸实验数据的对比，
再一次说明了 CFD用于空气幕挡烟的设计和优化的可行性以及采用数值模拟方法
的优势。Krajewski（2015）[60]通过波兰建筑科学研究所的小尺寸模型实验（如图
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1.6）以及数值模拟方法研究了空气幕的挡烟性能，提出了影响空气幕挡烟性能的
主要因素（射流速度、射流角度以及空气幕喷口宽度）以及满足数值模拟计算精
度的网格尺寸需满足 W/Δ = 10的条件，W为空气幕喷口宽度，Δ为网格尺寸。指
出空气幕喷口宽度的重要影响，同时指出射流角度为 30°以及射流速度为 30m/s
为当前研究案例的推荐值。然而该研究仅定性地讨论了影响空气幕挡烟性能的单
个因素，未定量地考虑影响空气幕挡烟的所有主要因素的综合作用。 
 
 
图 1.6 波兰建筑科学研究所的小尺寸实验装置（Krajewski (2015)[60]） 
Fig.1.6 Experimental apparatus in Building Research Institute(ITB), Poland (Krajewski (2015)[60]) 
 
Nyman和 Ingason（2014）[61]通过瑞典 SP技术研究所的小尺寸模型实验台（如
图 1.7）研究了地铁出入口处利用空气幕（单吹、上吹式）挡烟的可行性。小尺寸
实验改变了火源功率（5-50kW）、射流速度（7-17m/s）与空气幕喷口宽度（12-43mm）
等参数。该实验验证了 FDS用于空气幕挡烟模拟的可行性及可靠性。说明了空气
幕用于防火门的额外保障挡烟效果的市场价值。同时该研究指出挡烟空气幕与隧
道排烟系统共同作用时，能更好地发挥空气幕的挡烟作用。然而，同样地该研究
缺乏定量地考虑影响空气幕挡烟的所有主要因素的综合作用。 
 
 
图 1.7瑞典 SP技术研究所的小尺寸模型实验台（Nyman&Ingason（2014）[61]） 
Fig.1.7 Experimental apparatus in SP Technical Research Institute, Sweden (Nyman&Ingason（2014）
[61]) 
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除了单吹式空气幕，国内外学者对其他类型空气幕挡烟的应用也做了大量研
究。 
关于吹吸式空气幕，日本学者 Sakurai（1980）[62]通过小尺寸实验研究了典型
多层建筑走廊通道内吹吸式空气幕的挡烟性能，他指出吹吸式空气幕能有效地防
止人员疏散过程中由烟气引起的窒息死亡情况的发生。然而，吹吸气流的形状将
受到周围气流的强烈干扰，当吹吸气流受到侧向烟气冲击时，将会发生弯曲。如
果这种冲击超过一定的极限，则最后将导致吹吸流的破裂，使隔断烟气失效。我
国学者李总根（1998）[63]也对吹吸式空气幕的挡烟性能进行了研究，论文根据经
验给出了吹、吸风口的速度以及宽度等参数经验值。 
关于复式空气幕，Gupta（2007）[64]通过小尺寸实验比较了隧道内单吹式空气
幕与复式空气幕（double-stream twin-jet （DS-TJ））的挡烟性能，同时还比较了有
无回风管的空气幕挡烟情况。研究表明回风管能增大空气幕的射流稳定性，从而
提高挡烟性能，并指出具有回风管的单吹式空气幕的挡烟性能是最优的。基于
Gupta 的研究，此后更多的学者们如 Elicer-Cortés（2009）[65]、Felis（2010）[66]、
Lecaros（2010）[67]以及 Rivera（2011）[68]等都对复式空气幕开展了一系列研究。
Elicer-Cortés[65]研究了通过数值模拟方法（Fluent 6.2）重现复式空气幕小尺寸实验
研究的可行性，验证了数值模拟方法的可靠性。Felis[66]通过小尺寸实验研究了复
式空气幕挡烟隔热的射流结构特性。研究指出复式空气幕射流可以划分为 3 个区
域即：x/2e<5为初始区，复式空气幕射流的两股射流还未融合；5<x/2e<8.5为过渡
区，两股射流开始融合为一股射流；x/2e >8.5 为，射流碰撞区，热量传递在碰撞
区剧烈增加。基于前人研究，Lecaros[67]通过小尺寸实验以及数值模拟方法（FDS）
对复式空气幕的挡烟性能进行讨论，提出了一个适合于隧道内复式空气幕挡烟性
能的评价指标。Rivera[68]采用数值模拟方法研究了两股射流温度不同的复式空气幕
的射流结构，提出了复式空气幕热量传递的影响因素。 
此外，Gao（2012）[69]开展了双侧对吹式空气幕应用于地铁车站疏散通道挡烟，
保障疏散安全的研究。Luo（2013）[70]通过小尺寸与数值模拟的方法开展了双侧对
吹式空气幕应用于建筑疏散楼梯间前室的挡烟效果的研究。 
除了在消防安全工程方面的应用，空气幕在工业方面也有广泛的实际应用价
值。如减少城市公路隧道中的污染物的扩散[71]，洁净室内污染物扩散的应急控制[72]，
冷藏室或橱柜的低温保存的隔热[73]，半导体制造工艺的防尘[74]以及解决矿井运输
巷道的粉尘循环、停滞、反向等问题，对促进矿井的安全生产有重要意义[75]。 
综上所述，当前研究存在的不足之处包括：①缺乏 FDS模拟空气幕平面湍流
射流的可行性与可靠性分析；②采用与真实火灾差别较大的理想状态均匀压力差
∆𝑃𝑃近似作为空气幕所受的横向作用力值得进一步探讨；③对空气幕挡烟效率的影
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响因素的讨论不够完整，未分析各因素的综合作用；④缺乏空气幕挡烟性能的（评
价）量化指标；⑤缺乏空气幕相关参数的具体设计方法。 
以上研究存在的不足之处中，②-⑤是阻碍空气幕挡烟应用于实际的主要原因。
因此，论文采用小尺寸实验与数值模拟相结合的方法，通过研究火灾形成的典型
烟羽流——顶棚射流与空气幕的作用，对影响空气幕挡烟效率的影响因素进行综
合分析，得到空气幕挡烟性能的量化指标及其影响因素与挡烟性能的关系。提出
挡烟空气幕的设计方法及步骤，为空气幕挡烟的应用提供理论与数据支撑。 
 
1.3 论文的研究内容 
1.3.1 问题的提出 
基于以上前人研究存在的不足之处，论文提出的主要研究问题可概括如下： 
①FDS模拟空气幕平面湍流射流的可行性与可靠性 
从前面的研究状况中可以看出，有关该部分的研究工作还比较少。目前少有
文献以研究空气幕的挡烟性能为背景，使用火灾动力学模拟软件（FDS）[76]对空
气幕的平面湍流数值模拟的可靠性进行过讨论。此外，尚未见文献对 FDS中采用
合成涡流法（SEM）模拟的平面湍流射流准确性进行过验证。又由于射流出口条
件对空气幕平面湍流射流的特性具有重要影响。因此，在进行 FDS数值模拟空气
幕平面湍流射流时，应注意射流出口边界条件的处理。综上所述，开展空气幕挡
烟性能研究，应首先对 FDS模拟空气幕平面湍流射流的可行性与可靠性进行讨论。 
论文分别针对空气幕射流的初始段与主体段进行讨论，并通过与前人经验公
式、实验数据和模拟数据做对比的方法来验证 FDS模拟的可靠性。空气幕射流的
初始段研究主要涉及空气幕射流边界条件的处理、喷口类型以及喷口湍流参数的
获取等。空气幕射流的主体段的研究主要涉及计算网格分析、湍流模型的影响、
入口管段长度与合成涡流方法以及湍流速度入口边界条件的处理等。 
②空气幕挡烟性能的量化及其影响因素与挡烟性能的关系 
虽然空气幕挡烟的思想早有人提出，大量的研究也证实了使用空气幕可以有
效地控制火灾烟气的流动。然而目前空气幕挡烟仍处于尝试性阶段，在实际中的
应用较少。究其原因是，目前国内外仍然缺乏明确的空气幕挡烟系统的设计方法[77]。
例如，空气幕射流速度，射流角度和喷口尺寸等如何取值可满足空气幕挡烟要求，
空气幕相关参数具体设置缺乏系统的研究。值得注意的是，文献[46, 47]讨论的空气
幕的设计方法，是基于均匀横向压差假设下推导出的，适用于如空气幕隔冷、热[78]，
舒适性通风[79]以及污染物控制[71]等方面。《工业通风》[80]及国家机械行业标准《空
气幕》（JB/T 9067－1999） [81]也对舒适性通风空气幕的出口速度做了相关规定。
然而，我国的相关消防法规中却没有关于空气幕挡烟的相关条文。在发生火灾的
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情况下，横向作用力主要为高温烟气引起的顶棚射流作用力，这比起其他应用中[71, 
78, 79]的温差引起的压差对流流动要强得多。因此，需要对空气幕挡烟性能的影响因
素做进一步研究。为挡烟空气幕的设计方法及步骤提供理论依据。 
论文通过小尺寸实验与 FDS 数值模拟相结合的方法，分别对火源功率 HRR，
空气幕射流速度，空气幕喷口宽度和空气幕射流角度等参数的影响进行讨论。对
各影响因素进行综合分析并研究空气幕挡烟性能的（评价）量化指标。提出挡烟
空气幕的设计方法及步骤。 
1.3.2 研究目的 
论文的研究目的在于 1）讨论空气幕平面湍流射流的数值模拟方法及验证其可
靠性；2）提出空气幕挡烟性能的量化指标及得到挡烟性能与其影响因素的关系。
本研究的最终目的是为空气幕挡烟的应用提供理论与数据支撑。研究成果对推广
空气幕的应用，减少火灾人员伤亡，赢取消防救援时间以及保障公共消防安全具
有重要意义和应用价值。 
1.3.3 空气幕应用场景 
从研究现状中可以看出，空气幕挡烟的应用场景较多。因此，如何选取一个
典型的空气幕挡烟的应用场景作为论文的研究对象，是开展研究的前提。 
由于狭长通道常常作为走廊、地下通道、联络通道等满足人员通行功能的一
种重要空间类型出现在各类建筑中。因此，研究狭长通道内的空气幕挡烟问题，
其研究成果具有普遍意义。此外，采用狭长通道作为论文研究空气幕挡烟的空间
载体的优点还包括：首先，空气幕挡烟不适合应用于临近发生火灾的区域，适合
应用在远离火源区域的疏散通道中，这样的通道可以近似为狭长通道；第二，狭
长通道内的烟气流动方向与人员疏散方向一致，其火灾场景较为危险，具有典型
性；第三，狭长通道建筑结构简单，便于小尺寸实验台以及数值模拟物理模型的
建立。因此，论文选取狭长通道这一建筑空间类型，开展空气幕的挡烟性能的研
究。 
另外，除了将建筑空间类型简化为狭长通道以外，论文还从空气幕的实际应
用角度出发，假设空气幕与火灾发生的位置具有一定距离。基于此假设，认为空
气幕的主要作用是阻挡火灾烟气的蔓延并且认为火源热辐射对空气幕下游区域的
影响较小。 
 
1.4 技术路线 
根据研究的目标及内容，论文采用理论分析、小尺寸实验和数值模拟方法开
展研究。采用的技术路线如下图 1.8所示。1）通过平面射流理论分析对 FDS模拟
空气幕平面射流的可行性和可靠性进行检验，奠定后续采用 FDS开展空气幕挡烟
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性能研究的基础；2）开展小尺寸实验，对影响空气幕挡烟性能的因素进行探讨。
对上一步的 FDS数值模拟提供进一步的实验验证；3）同时由于小尺寸实验的限制，
需要开展 FDS数值模拟对空气幕挡烟性能的实验结论做进一步的论证、补充和延
伸，从而得出更通用的结论。4）定性及定量地分析小尺寸实验的结果；5）通过
小尺寸实验与 FDS数值模拟相结合的方法，提出空气幕挡烟性能评价的量化指标，
分析各空气幕参数对挡烟性能的影响；6）总结挡烟空气幕的设计方法及步骤。 
 
图 1.8 论文技术路线 
Fig. 1.8 Technical route of this thesis 
 
1.5 论文的框架结构 
论文针对狭长通道空气幕挡烟性能开展研究，全文共分为六章，根据研究内
容与技术路线，具体章节安排如下： 
第一章绪论。阐述了火灾烟气的危害性。总结归纳了前人关于火灾烟气控制
以及空气幕挡烟的主要研究成果，在此基础上提出了论文的研究内容，以及针对
研究内容所采用的研究方法和技术路线。 
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第二章空气幕平面射流理论。概括了空气幕射流的基本结构以及平面湍流自
由射流的流动特性。归纳了前人研究的平面湍流射流的实验数据与经验公式，为
空气幕平面湍流射流的计算机数值模拟的验证提供理论依据。 
第三章小尺寸空气幕挡烟实验台设计及测试系统。本章主要内容包括模型实
验相似性分析以及小尺寸狭长通道模型实验台的搭建。重点对实验火源及空气幕
的设计、测试及数据采集系统、实验方案及步骤、实验误差分析等内容进行详细
的阐述。 
第四章空气幕数值模拟方法及边界参数研究。基于空气幕平面射流理论，讨
论了利用火灾动力学模拟软件 Fire Dynamics Simulator (FDS) 对空气幕平面射流
进行数值模拟的可行性和准确性。分别对空气幕平面射流初始段与主体段进行分
析，将 FDS模拟数据与前人提出的经验公式、实验数据以及模拟数据做对比验证。
提出了合理的空气幕 FDS数值模拟方法及边界参数设置。为采用数值模拟方法进
行空气幕的设计提供参考依据，同时为开展空气幕挡烟性能数值模拟研究的可靠
性奠定基础。 
第五章空气幕挡烟性能研究。通过小尺寸实验和 FDS数值模拟相结合的方法，
对空气幕挡烟性能进行研究。小尺寸实验和数值模拟起到相辅相成的作用，即小
尺寸实验将进一步验证数值模拟的可靠性，而数值模拟将起到补充和延伸小尺寸
实验结果的作用。本章将对影响空气幕挡烟性能的关键参数，即空气幕射流速度、
角度、宽度以及火源功率的影响进行研究。首先通过实验结果定性地分析影响空
气幕挡烟性能的各个因素。然后借助 FDS数值模拟，进一步定量地分析各因素对
空气幕挡烟性能的影响。最后提出空气幕的设计方法及步骤。 
第六章结论与展望。阐述了论文的主要研究结论、创新点、研究的不足之处
以及对未来工作的展望。 
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2 空气幕平面射流理论 
 
2.1 引言 
挡烟空气幕是由风幕机喷射出一定速度的幕状气流，阻隔高温烟气的蔓延，
以阻止烟气进入疏散通道内，延长可用人员安全疏散时间，且不影响人员的自由
出入。挡烟空气幕本质上属于空气射流的一种，所以空气幕射流满足空气射流的
一些基本性质。空气射流是指空气从各种形式的孔口或喷嘴射入空气或另一种流
体的流动。本章阐述空气幕平面射流理论，重点介绍了空气幕射流的基本结构以
及平面湍流自由射流的流动特性。为后续空气幕计算机数值模拟的验证提供理论
依据。 
 
2.2 空气幕射流的基本结构 
一般空气幕的喷口为长条形且射流速度较大，因此空气幕的空气射流本质上
属于平面湍流射流。当空气幕应用于实际挡烟过程时，其形成的流动又可进一步
归类为平面湍流冲击射流。许多学者曾对平面湍流冲击射流的流动特性进行过研
究，如 Taylor (1966) [82]、Gauntner (1970) [83]、Beltaos (1976) [84]和 Gutmark (1978) [85]
等。这些研究结果表明，平面湍流冲击射流可分成三个明显的流动区域如图 2.1 所
示，即自由射流区（I 区）、冲击区（II 区）和壁面射流区（III 区）。在 I 区，其
流动特性与自由射流相同。在 II 区，射流流动方向发生了显著的变化，该区域存
在很大的压力梯度，并在该区末端几乎变成平行于壁面的流动，即进入 III区壁面
射流区。 
由于空气幕挡烟中，空气幕气流与烟气的接触过程主要发生在自由射流区（I 
区）。且冲击射流下游 II 、III区的发展由 I 区决定，需要首先开展对 I 区的数值
模拟。再者，II 、III区的研究更多考虑的是流体对固体壁面的冲击影响以及附壁
效应等，不属于当前研究的重点，未来可对 II、III区的模拟做进一步研究。因此，
论文第 4章的研究中主要涉及的是对空气幕自由射流区（I 区）的数值模拟。论文
2.3节中将对平面湍流自由射流的流动特性做进一步介绍。 
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图 2.1平面湍流冲击射流流动特征示意图 (Gauntner等 (1970) [83].) 
Fig. 2.1 A schematic view of the time-averaged flow field of an impinging plane jet. Redrawn after 
Gauntner et al. (1970) [83]. 
 
2.3 平面湍流自由射流流动特性 
许多学者也曾对平面湍流自由射流的流动特性进行过研究，如早期的Bradbury 
(1965) [24]、Heskestad (1965) [25]、Jenkins和 Goldschmidt （1973）[26]、Gutmark (1976) 
[27]、Rajaratnam（1976）[86]和 Browne (1984) [87]等人的实验研究，以及近期的
Gordeyev (2000) [88]、Stanley (2002) [15]以及 Shestakov (2015) [89]等人的 PIV实验以
及数值模拟研究。这些研究结果表明平面湍流自由射流理论上可以视为典型的二
维流动：即主流方向为 X，射流扩散方向为 Y，径向流动 Z 可忽略不计的二维流
动。平面湍流自由射流可分成三个明显的流动区域，如图 2.2 所示，即初始段、
过渡段和主体段。 
射流自孔口射出后把原来周围静止的流体卷吸到射流中，这称为射流的卷吸
（Entrainment）现象[43]。随着射流的发展，被卷吸并与射流一起运动的流体不断
增多，射流流量沿程增大，射流边界逐渐向两侧扩展，射流边缘部分流速降低。
射流与周围流体的掺混自边缘逐渐向中心发展，经过一定距离发展到射流中心。
此后，射流的全断面上都发展成湍流。 
在射流初始段 (Core region)，射流轴心速度沿程保持射流初始速度以及湍流强
度不变。该初始段的长度一般为 4-6 倍的射流出口宽度 W。随后是射流过渡段 
(Transition region)，其长度为 6-20倍的射流出口宽度 W。进入射流过渡段后，射
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流轴心速度开始下降。随后射流进入射流主体段(self-similarity region)，湍流已经
达到充分发展状态。 
 
 
(a) 2D视图 
 
 
(b) 3D视图 
图 2.2平面自由射流流动特征示意图 
Fig. 2.2 Schematic view of the time-averaged flow field of a plane jet.  
 
当进入射流主体段以后，各个射流横断面中心的流速分布显示出相似性质[27]。
如图 2.2所示，在射流主体段射流轴心线上的平均速度分布满足以下关系[27, 90]： (𝑈𝑈0,𝑐𝑐/𝑈𝑈𝑚𝑚)2 = 𝐾𝐾𝑢𝑢(𝑋𝑋𝑊𝑊 + 𝑋𝑋1𝑊𝑊)                       (2.1) 
其中 𝑈𝑈0,𝑐𝑐为射流出口处的射流轴心位置的时间平均流速，𝑈𝑈𝑚𝑚 为射流轴心任
意位置的时间平均流速，𝐾𝐾𝑢𝑢 为速度的衰减速率，𝑊𝑊 射流喷口的短边尺寸（宽度），
𝑋𝑋1/𝑊𝑊 为射流无量纲虚原位置。 
射流的扩散速度一般由扩散速率表示，即用射流的半值宽（half-width）的变
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化率来表示。如图 2.2 主体段红色速度分布曲线所示，射流的半值宽 𝑦𝑦0.5𝑚𝑚 表示
的是某截面上速度 𝑈𝑈 = 0.5𝑈𝑈𝑚𝑚 处，该位置距轴心的 Y方向距离。射流主体段射流
扩散速度满足以下关系[27, 90]： 
𝑦𝑦0.5𝑚𝑚/𝑊𝑊 = 𝐾𝐾𝑦𝑦(𝑋𝑋𝑊𝑊 + 𝑋𝑋2𝑊𝑊)                        (2.2) 
其中 𝑦𝑦0.5𝑚𝑚 射流的半值宽，𝐾𝐾𝑦𝑦 扩散速率，𝑋𝑋2/𝑊𝑊 为另一射流无量纲虚原位置。  
 
表 2.1轴心速度衰减速率𝐾𝐾𝑢𝑢以及射流扩散速率𝐾𝐾𝑦𝑦统计表 
Table 2.1 Summary of the centerline mean velocity decay 𝐾𝐾𝑢𝑢 and spreading rate 𝐾𝐾𝑦𝑦 of planar jets 
as reported in the literature. 
参考文献 衰减 扩散 Re 形状系数 AR 
无量纲速
度 𝐾𝐾𝑢𝑢 𝑋𝑋1 𝑊𝑊⁄  𝐾𝐾𝑦𝑦 𝑋𝑋2 𝑊𝑊⁄  
Jenkins & 
Goldschmidt 
(1973) [26] 
0.16 -4 0.092 3.33 14,300 24 未提及 
Gutmark & 
Wygnanski 
(1976) [27] 
0.189 -4.92 0.097 -0.33 30,000 39 
出口速度
为均匀分
布 
Browne et al. 
(1982) [91] 0.165 4.17 0.112 3.08 7,700 20 
出口处的
射流轴心
位置的时
间平均流
速, U0,c 
Hitchman et al. 
(1990) [31] 0.179 4.651 0.113 2.099 7,230 60 未提及 
Gordeyev & 
Thomas (2000) 
[88] 
0.22 -0.18 0.1 0.071 28,000 36 
出口速度
为均匀分
布 
Deo (2005) [92] 0.178 2.75 0.105 -1.48 7,000 
60 
出口处的
射流轴心
位置的时
间平均流
速, U0,c 
Deo (2005) [92] 0.172 -0.4 0.098 -0.34 10,000 
Deo (2005) [92] 0.159 -0.67 0.088 -0.44 16,500 
 
表 2.1 统计了文献中不同雷诺数下的平面湍流自由射流的轴心速度衰减速率
𝐾𝐾𝑢𝑢以及射流扩散速率𝐾𝐾𝑦𝑦。注意的是，表 2.1 同时还列出了不同文献中对射流轴心
速度𝑈𝑈𝑚𝑚进行无量纲化时所采用的射流出口速度。如公式 2.1，论文采用的是射流出
口处的射流轴心位置的时间平均流速𝑈𝑈0,𝑐𝑐。因此，表 2.1中未统计采用射流出口处
断面平均速度作为无量纲化速度的文献。然而，为了广泛统计文献，表 2.1还列出
了射流出口速度为均匀分布（‘top-hat’）的文献。例如，Gutmark & Wygnanski (1976) 
[27] 以及 Gordeyev & Thomas (2000) [88] 等人的研究。此时，射流出口处的射流轴
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心位置的流速与射流出口断面任意位置的流速相等。基于表 2.1 的统计数据，图
2.3展示了典型的射流中心线上的速度沿程衰减曲线。 
 
 
图 2.3典型平面湍流自由射流轴心线速度沿程衰减曲线（2000年以后的文献） 
Fig.2.3 Evolution of the centerline velocity in the symmetry plane as reported in the literature. 
Curves drawn based on the data from 2000 onward. 
 
此外，文献[43, 93, 94]中利用射流动量通量守恒原理推导了射流轴线流速的沿程
变化规律如下： 
𝑈𝑈𝑚𝑚/𝑈𝑈0,𝑐𝑐 = 1.2 �𝑎𝑎𝑠𝑠 𝑏𝑏0⁄ + 0.41⁄                    (2.3) 
其中𝑏𝑏0为喷口宽度的一半，即𝑏𝑏0 = 0.5𝑊𝑊; 𝑠𝑠为沿x方向距离喷口的距离，论文
采用符号X。因此，𝑎𝑎𝑠𝑠 𝑏𝑏0⁄ = 2𝑎𝑎(𝑋𝑋 𝑊𝑊⁄ )。𝑎𝑎为湍流系数，因喷口形状而异。对收缩
较好的平面喷口，𝑎𝑎 = 0.108；对平面壁上的锐缘狭缝，𝑎𝑎 = 0.118；对于具有导叶
且磨圆边口的风道上的纵向缝，𝑎𝑎 = 0.155。 
将公式（2.3）与文献统计的典型平面湍流自由射流轴心线速度沿程衰减曲线
绘制于图 2.4 中。可以看出公式（2.3）基本与文献统计的典型平面湍流自由射流
轴心线速度沿程衰减曲线相吻合。 
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图 2.4射流轴心速度衰减公式与典型平面湍流自由射流轴心线速度沿程衰减曲线（2000年以
后的文献） 
Fig.2.4 Evolution of the centerline velocity in the symmetry plane as calculated and reported in the 
literature. Curves drawn based on the data from 2000 onward. 
 
2.4 小结 
本章阐述了空气幕平面射流理论，主要包括空气幕射流的基本结构以及平面
湍流自由射流的流动特性。总结归纳了前人研究中的平面湍流射流轴心速度衰减
速率𝐾𝐾𝑢𝑢以及射流扩散速率𝐾𝐾𝑦𝑦。同时，将前人研究中的典型平面湍流自由射流轴心
线速度沿程衰减曲线与经验公式做了对比，为下一步空气幕计算机数值模拟的验
证提供理论依据。 
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3 小尺寸空气幕挡烟实验台设计及测试系统 
 
论文利用小尺寸空气幕挡烟实验台对影响空气幕挡烟性能的参数进行研究。
本章将对小尺寸空气幕挡烟实验台设计及测试系统进行介绍，具体包括以下内容：
实验相似性分析、模型实验台结构、火源以及空气幕的设计、测试系统、实验方
案及步骤、实验数据处理等内容。  
 
3.1 实验相似性分析 
3.1.1相似理论 
对于真实的火灾以及缩小尺寸的模型实验都会存在热烟气扩散的过程，在现
象上，它们是相似的。由于火灾科学实验一般具有较大的破坏性，小尺寸模型实
验一直被广泛地采用，几乎贯穿于过去几十年的整个消防安全科学的研究过程中。
小尺寸火灾模型实验无需在真实的全尺寸火灾环境中开展实验测试，具有花费低，
重复性好的特点，是目前公认的一类非常强大的研究工具（方法）。其基本思想是
依据相似原理，把研究的物理原型（真实火灾）按一定比例缩小制成实验模型，
模拟与原型实际情况相似的火灾现象，并对其进行观测和分析研究，然后将模型
实验的成果换算和应用到原型中，分析判断原型的情况。 
获得满足真实火灾发展规律的相似模型实验结果的前提条件是模型和原型要
保持流动相似，即两个流动的相应点上的同名物理量（如速度、压强、各种作用
力等）具有各自的固定比例关系。因而，模型实验和原型实验要保证流动相似，
应满足：几何相似、运动相似、动力相似以及初始条件和边界条件相似[93]。 
几何相似指原型和模型两流场的几何形状相似，即原型和模型及其流动所有
相应的线性长度的比值均相等且对应夹角相等（其中下标 m代表模型，下标 n代
表原型）： 
 长度比例尺：𝜆𝜆𝑙𝑙 = 𝑙𝑙𝑚𝑚 𝑙𝑙𝑎𝑎⁄  
 面积比例尺：𝜆𝜆𝐴𝐴 = 𝐴𝐴𝑚𝑚 𝐴𝐴𝑎𝑎⁄ = 𝑙𝑙𝑚𝑚2 𝑙𝑙𝑎𝑎2 =� 𝜆𝜆𝑙𝑙2 
 体积比例尺：𝜆𝜆𝑉𝑉 = 𝑉𝑉𝑚𝑚 𝑉𝑉𝑎𝑎⁄ = 𝑙𝑙𝑚𝑚3 𝑙𝑙𝑎𝑎3 =� 𝜆𝜆𝑙𝑙3 
 角度比例尺：𝜆𝜆𝛼𝛼 = 𝛼𝛼𝑚𝑚 𝛼𝛼𝑎𝑎 = 1⁄  
运动相似是指满足几何相似的前提下，流体运动的速度场（加速度场）相似，
即两流场对应时刻，各相应点(包括边界上各点)的速度及加速度方向相同，且大小
各具有同一比值： 
 时间比例尺：𝜆𝜆𝑡𝑡 = 𝑡𝑡𝑚𝑚 𝑡𝑡𝑎𝑎⁄  
 速度比例尺：𝜆𝜆𝑣𝑣 = 𝑣𝑣𝑚𝑚 𝑣𝑣𝑎𝑎⁄ = (𝑙𝑙𝑚𝑚 𝑡𝑡𝑚𝑚⁄ ) (𝑙𝑙𝑎𝑎 𝑡𝑡𝑎𝑎⁄ )⁄ = 𝜆𝜆𝑙𝑙𝜆𝜆𝑡𝑡−1 
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 加速度比例尺：𝜆𝜆𝑎𝑎 = 𝑎𝑎𝑚𝑚 𝑎𝑎𝑎𝑎⁄ = (𝑣𝑣𝑚𝑚 𝑡𝑡𝑚𝑚⁄ ) (𝑣𝑣𝑎𝑎 𝑡𝑡𝑎𝑎⁄ )⁄ = 𝜆𝜆𝑙𝑙𝜆𝜆𝑡𝑡−2 
 体积流量比例尺：𝜆𝜆𝑄𝑄𝑣𝑣 = 𝑄𝑄𝑣𝑣𝑚𝑚 𝑄𝑄𝑣𝑣𝑎𝑎⁄ = �𝑙𝑙𝑚𝑚3 𝑡𝑡𝑚𝑚� � �𝑙𝑙𝑎𝑎3 𝑡𝑡𝑎𝑎� �� = 𝜆𝜆𝑙𝑙3𝜆𝜆𝑡𝑡−1 
 运动粘度比例尺：𝜆𝜆v = v𝑚𝑚 v𝑎𝑎⁄ = �𝑙𝑙𝑚𝑚2 𝑡𝑡𝑚𝑚� � �𝑙𝑙𝑎𝑎2 𝑡𝑡𝑎𝑎� �� = 𝜆𝜆𝑙𝑙2𝜆𝜆𝑡𝑡−1 
动力相似指运动相似两流场中，对应空间点上、对应瞬时作用在两相似几何
微团的同名力方向相同，其大小比值相等： 
 力的比例尺：𝜆𝜆𝐹𝐹 = 𝐹𝐹𝑚𝑚 𝐹𝐹𝑎𝑎⁄ = 𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎⁄ = 𝜆𝜆𝜌𝜌𝜆𝜆𝑙𝑙3 ∙ 𝜆𝜆𝑙𝑙𝜆𝜆𝑡𝑡−2 = 𝜆𝜆𝜌𝜌𝜆𝜆𝑙𝑙4𝜆𝜆𝑡𝑡−2 
 压 强 ( 应 力 ) 比 例 尺 ： 𝜆𝜆𝑝𝑝 = 𝑝𝑝𝑚𝑚 𝑝𝑝𝑎𝑎⁄ = (𝐹𝐹𝑚𝑚 𝐴𝐴𝑚𝑚⁄ ) (𝐹𝐹𝑎𝑎 𝐴𝐴𝑎𝑎⁄ )⁄ = 𝜆𝜆𝐹𝐹𝜆𝜆𝑙𝑙−2 =
𝜆𝜆𝜌𝜌𝜆𝜆𝑙𝑙
2𝜆𝜆𝑡𝑡
−2 
 动力粘度比例尺：𝜆𝜆𝜇𝜇 = 𝜇𝜇𝑚𝑚 𝜇𝜇𝑎𝑎⁄ = 𝜌𝜌𝑚𝑚v𝑚𝑚 𝜌𝜌𝑎𝑎v𝑎𝑎⁄ = 𝜆𝜆𝜌𝜌𝜆𝜆𝑙𝑙2𝜆𝜆𝑡𝑡−1 
初始条件适用于非恒定流。边界条件有几何、运动和动力三个方面的因素，
如固体边界上的法线流速为零，自由液面上的压强为大气压强等。 
𝜆𝜆𝑙𝑙、𝜆𝜆𝑡𝑡以及𝜆𝜆𝜌𝜌为未知量，需要根据所研究问题的实际情况进行确定。 
3.1.2无量纲准则数𝜋𝜋及相似关系 
获取所研究问题的无量纲准则数𝜋𝜋是建立相似模型实验的前提[95]。通常有两种
方法：控制方程法（Controlling equation method）和量纲分析法（Dimensional analysis）
[96]。控制方程法是通过引入归一化参数（Normalizing parameters），对控制方程进
行无量纲处理，得到无量纲控制方程。无量纲准则数𝜋𝜋通常是微分项的系数，以此
获取无量纲准则数𝜋𝜋组。量纲分析法，需要人为确定与所研究现象有关的所有关键
参数，然后将每个参数的量纲改变为基本物理量量纲的组合。最终可以获得无量
纲准则数𝜋𝜋组。例如，通过瑞利法或白金汉𝜋𝜋定理。 
控制方程法是最典型和最基本的方法。适用于不同火灾现象的相似法则
（Scaling laws）都可以追溯到控制方程。因为任何一个流动问题的数学表述，均
包括控制方程以及由初值和边值所组成的定解条件两个部分。James G. Quintiere
利用此方法对火灾现象进行研究，获取了 14个无量纲准则数𝜋𝜋，详细过程见文献[97]。
其中包含，Froude数（弗劳德数，Fr）、Reynolds数（雷诺数，Re）、Prandtl数（普
朗特数，Pr）和 Schmidt 数（施密特数，Sc），它们分别表征惯性与重力之比、惯
性与粘性之比、动量传输与热量传输之比和动量传输和质量传输之比。注意，完
全的动力相似，要求惯性力与其他力比值都相等，但实际上不可能达到，所以常
选一个对流动起决定作用的力给予满足，即满足一个相似准则数。 
该如何决定性相似准则数的选取是一个值得思考的问题。一般来说，就某一
流动问题，先确定该流动起主导作用的因素，然后满足该主导作用下的相似准则
数即可满足主要动力相似，该特征相似准数就是决定性相似准则数。 
目前，大量的相似模型火灾实验均采用 Froude相似准则，其主要原因是火灾
烟气的主要影响因素是热浮力与惯性力。大量的实验结果表明，测试结果在许多
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重点问题上，相似模型实验和全尺寸实验结果之间有很好的一致性[98-102]。因此，
作者在设计小尺寸空气幕挡烟火灾模型实验台时，采用 Froude 相似准则，设计小
尺寸空气幕挡烟实验台。满足相似模型实验和全尺寸实验中 Froude 数相等，即
𝐹𝐹𝑟𝑟𝑚𝑚 = 𝐹𝐹𝑟𝑟𝑎𝑎，可得，𝑣𝑣𝑚𝑚 �𝑔𝑔𝑚𝑚𝑙𝑙𝑚𝑚⁄ = 𝑣𝑣𝑎𝑎 �𝑔𝑔𝑎𝑎𝑙𝑙𝑎𝑎⁄ ，整理得𝜆𝜆𝑣𝑣 = 𝑣𝑣𝑚𝑚 𝑣𝑣𝑎𝑎⁄ = �𝑔𝑔𝑚𝑚𝑙𝑙𝑚𝑚 �𝑔𝑔𝑎𝑎𝑙𝑙𝑎𝑎� =
𝜆𝜆𝑔𝑔
1/2𝜆𝜆𝑙𝑙1/2。又根据上一节相似理论分析𝜆𝜆𝑣𝑣 = 𝑣𝑣𝑚𝑚 𝑣𝑣𝑎𝑎⁄ = (𝑙𝑙𝑚𝑚 𝑡𝑡𝑚𝑚⁄ ) (𝑙𝑙𝑎𝑎 𝑡𝑡𝑎𝑎⁄ )⁄ = 𝜆𝜆𝑙𝑙𝜆𝜆𝑡𝑡−1，
取𝜆𝜆𝑔𝑔 = 1，于是𝜆𝜆𝑣𝑣 = 𝜆𝜆𝑡𝑡 = 𝜆𝜆𝑙𝑙1/2。又小尺寸实验与全尺寸实验均在大气环境中进行，
密度相等，𝜆𝜆𝜌𝜌 = 1。因此，主要参数的原型与模型的比例关系见表 3.1。 
 
表 3.1主要参数的原型与模型的相似关系 
Table 3.1 A list of scaling correlations for the model scale enclosures. 
物理量 相似关系 比例关系 
几何尺寸（m） 𝑙𝑙𝑚𝑚 𝑙𝑙𝑎𝑎⁄ = 𝜆𝜆𝑙𝑙 1/10 
火源热释放速率（kW） ?̇?𝑄𝑚𝑚 ?̇?𝑄𝑎𝑎⁄ = (𝑙𝑙𝑚𝑚 𝑙𝑙𝑎𝑎⁄ )5/2 = 𝜆𝜆𝑙𝑙5/2 (1/10)5/2 
时间（s） 𝑡𝑡𝑚𝑚 𝑡𝑡𝑎𝑎⁄ = 𝜆𝜆𝑡𝑡 = (𝑙𝑙𝑚𝑚 𝑙𝑙𝑎𝑎⁄ )1/2 = 𝜆𝜆𝑙𝑙1/2 (1/10)1/2 
速度（m/s） 𝑣𝑣𝑚𝑚 𝑣𝑣𝑎𝑎⁄ = 𝜆𝜆𝑙𝑙𝜆𝜆𝑡𝑡−1 = 𝜆𝜆𝑙𝑙1/2 (1/10)1/2 
温度（K） 𝑇𝑇𝑚𝑚 𝑇𝑇𝑎𝑎⁄ = 1 1/1 
压力（Pa） 𝑃𝑃𝑚𝑚 𝑃𝑃𝑎𝑎⁄ = 𝜆𝜆𝑙𝑙 1/10 
角度（°） 𝜃𝜃𝑚𝑚 𝜃𝜃𝑎𝑎⁄ = 1 1/1 
* 𝜆𝜆𝑙𝑙=1/10 
3.2 模型实验台 
论文采用的小尺寸模型实验台如图 3.1 所示。狭长通道小尺寸模型实验台按
建筑走廊式通道以 𝜆𝜆𝑙𝑙 = 1/10的模型比例搭建，该模型实验台的整体尺寸为（长）
3.0 m ×（宽）0.32 m ×（高）0.48 m，对应全尺寸模型尺寸为（长）30 m ×（宽）
3.2 m ×（高）4.8 m。该照片为开始实验前，已布置好测试以及数据采集系统的模
型实验台。该模型实验台能再现火灾发生时烟气沿狭长通道纵向蔓延的火灾场景。
狭长通道的左右两端为连接室外的开口。空气幕安装在狭长通道的顶部，用来阻
挡烟气向下游（与火源相对空气幕的另外一侧）蔓延。 
为了使实验台结构稳定并具有防锈蚀能力，实验台的底部、顶部以及四周框
架由 1.25mm厚的不锈钢板制作。为了便于观察实验现象，两侧则由 5mm 厚的防
火玻璃制作。 
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图 3.1 已布置测试系统的小尺寸模型实验台 
Fig. 3.1 Photo of the test section being instrumented before testing. 
 
3.2.1 火源设计 
论文选定液化石油气(LPG)作为燃料，采用直径为 16cm 的圆形燃烧器作为模
拟火源。火源功率通过转子流量计调节气体燃料供应量进行控制，因而其火源功
率可以得到很好的控制。火源位于实验台底面中央，距离实验台左端 0.5m的位置，
具体的位置关系参见 3.3 节（图 3.6）实验测试系统布置示意图。模拟火源的火源
功率(?̇?𝑄)可以由液化石油气体积热值(∆𝐻𝐻𝑐𝑐)及其体积流量(?̇?𝑉)，并假设燃烧效率为(χ =100%) 的情况下通过以下公式计算 [103-105]: 
?̇?𝑄 = χ ∙ ∆𝐻𝐻𝑐𝑐 ∙ ?̇?𝑉                          (3.1) 
气体体积流量通过转子流量计的读数获得。在实验开始前，利用容积式湿式
气体流量计对其在燃烧状态下的体积流量进行标定，以保证气体体积流量的准确
性。由于液化石油气是丙烷(C3H8)和丁烷(C4H10)的混合气体，其体积热值(57.55 
MJ/m3) 通过水流式热量计进行测量获得。因此，利用公式（3.1）可以获得实际火
源热释放速率与转子流量计的读数之间的关系，如图 3.2所示。为保证不对实验台
造成损坏，本实验采用两个火源功率分别为 3.62 kW 和 2.92 kW的较小火源进行
实验研究，论文第五章利用数值模拟 FDS软件对更高火源功率的情况进行讨论。
实验过程中的圆形多孔燃烧器产生的火焰如图 3.3所示。 
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图 3.2火源功率 HRR与转子流量计读数的关系图 
Fig. 3.2 HRR of LPG from the flowmeter calibration 
 
 
图 3.3实验火焰照片：3.62 kW (左)，2.92 kW (右) 
Fig. 3.3 Porous gas burner and LPG flame, 3.62 kW (left) and 2.92 kW (right). 
 
3.2.2 空气幕设计 
如图 3.1所示，空气幕采用轴流风机来供应空气。风机速度由速度控制器（变
频器）控制。在空气幕出口前使用静压箱来均衡压力，使得在空气幕出口处具有
更均匀的速度分布。 
为了在实验中便于测试，构建了不同尺寸的空气幕喷口。实验讨论了三个空
气幕宽度的，即W = 1 cm，2 cm和 3 cm的情况，空气幕长度均与实验台宽度尺寸
相同，即 L=32cm。同样，论文第四章利用数值模拟 FDS 软件对更多宽度的空气
幕喷口进行讨论。实验中使用的空气幕喷口实物放大图见图 3.1所示。 
在实验前，通过风速仪（SWA 03+，全向探头）测量在不同速度控制器（变频
器）设定值下的空气幕速度。测量了空气幕出口长度方向中心线上的（1/5，2/5，
重庆大学博士学位论文 
28 
3/5 和 4/5）四个不同位置处的风速。每次测量均重复两次，其结果的平均值作为
空气幕沿着出口中心线的最大平均速度。风速仪量程为 0-10 m/s，测量误差为±5%。
风机频率与不同喷口宽度的空气幕的最大平均速度之间的关系如图 3.4所示，速度
数据也列于表 3.2中。 
 
 
图 3.4空气幕速度与 VFD设定值的关系 
Fig. 3.4 Air curtain velocity Vs setting number of VFD. 
 
图 3.5 显示了风机频率与不同喷口宽度的空气幕动量（𝜌𝜌𝑗𝑗𝐴𝐴𝑗𝑗𝑉𝑉𝑗𝑗2）和质量流量
（𝜌𝜌𝑗𝑗𝐴𝐴𝑗𝑗𝑉𝑉𝑗𝑗）之间的关系。基于表 3.1所示的每次实验所测量得到的环境温度可计算
得到空气密度（𝜌𝜌𝑗𝑗）。空气幕喷口的平均射流速度（𝑉𝑉𝑗𝑗）由测得的中心最大速度和
喷口湍流射流速度分布曲线（幂律分布）计算得到 [106]。这表明，尽管喷口宽度
不同，使用相同的风机频率（风机功率）所产生的空气幕平面射流动量是相同的。
这也证实了测量的速度数据的准确性和可重复性。然而，保持风机的频率（或空
气幕射流动量）恒定时，质量流量随着喷口宽度的减小而减小。这个影响将在论
文第五章中更详细地讨论。 
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图 3.5空气幕动量（左）和质量流量（右）与 VFD的设定值的关系 
Fig. 3.5 Air curtain momentum (left) and mass flow rate (right) Vs setting number of VFD.  
 
3.3 实验测试系统与仪器 
本实验测量的基本参数是烟气温度。温度测量系统由 87个热电偶以及 1个数
据采集仪组成。通过图 3.1所示的温度采集模块（Agilent 34972T）将接受到的温
度信号传输至数据采集仪（Agilent 34980A），并连接到计算机实时记录数据。热
电偶的布置图如图 3.6所示，以满足测量实验段的顶棚纵向烟气温度分布和烟气层
的垂直温度分布。热电偶布置得靠近壁面处较中间位置密是因为更好地采集壁面
温度梯度变化而设计的。实验采用 K型热电偶（镍-铬/镍-硅），其直径为 0.5 mm，
响应时间小于 1秒，测量误差小于 3％。所有热电偶都连接到数据采集系统，每 5
秒记录一次数据（采集仪的最小记录时间间隔）。 
此外，实验测量仪器还包括风速仪（SWA 03+，全向探头）、干式气体转子流
量计、水流式热量计等。其中风速仪主要用来测量在不同速度控制器（变频器）
设定值下的空气幕射流速度。通常烟气顶棚射流的温度高于风速仪的工作温度范
围（-10 to 60 °C）。因此，无法通过测量获取小尺寸实验的烟气顶棚射流的速度参
数。为了解决此问题，论文将采用CFD数值模拟软件FDS对小尺寸实验进行补充。
从而通过小尺寸实验与 CFD模拟相结合的方法对空气幕挡烟性能进行研究。小尺
寸实验和数值模拟起到相辅相成的效果，下表 3.2中的烟气顶棚射流动量就是通过
第五章的 FDS数值模拟结果得出的。 
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图 3.6热电偶位置示意图（未按实际比例绘制） 
Fig. 3.6 Sketch of thermocouple positions (Not drawn to scale) 
 
3.4 实验方案与步骤 
可能影响空气幕挡烟效果的参数是火源热释放速率、射流速度、角度以及空
气幕宽度。因此，本实验方案分为 2部分： 
第一部分讨论火源热释放速率、射流速度以及空气幕宽度的影响。对垂直向
下（0°）的 3个不同的空气幕喷口（W = 1cm，2cm和 3cm）分别设置 2个火源
功率（3.62kW和 2.92kW）和 10个不同的射流速度（0-7.72m/s）。因此，第一部分
实验涉及 6组共 60次实验。 
第二部分重点讨论空气幕角度的影响。在第一部分研究的基础上，选取固定
空气幕喷口宽度（3cm）、火源功率（3.62kW）和射流速度条件下（0-4.47m/s），
不同射流角度的影响（取 15°、30°、45°）。因此，第二部分包含 3组共 30次
实验。 
总的来说，该小尺寸实验研究一共进行 9组共 90次实验，具体的实验参数设
置如表 3.2所示。 
为了观察实验的瞬时状态，每次实验具体步骤如下： 
①启动数据采集系统 30秒，以记录环境温度； 
②在 30秒时，以火源功率的预设值开启火源； 
③在 240秒时，以速度的预设值开启空气幕； 
④在 660 秒时，先停火，然后在 780 秒时停止空气幕，在 900 秒时停止数据
采集系统； 
⑤在实验台充分冷却至室温后，开始下一个实验。重复步骤 1-5。 
由于实验周期较长，实验室内环境温度不一致。论文 5.4节对室内环境温度的
影响进行了分析，可知采用火灾烟气温度减去室内环境温度，即采用火灾烟气温
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升 ∆𝑇𝑇 = 𝑇𝑇 − 𝑇𝑇𝑎𝑎𝑚𝑚𝑎𝑎 的方法，可以消除不同室内环境温度的影响。 
 
表 3.2 (a)垂直送风空气幕实验方案 
Table 3.2 (a) Overview of experimental tests for a vertical-downward air curtain. 
测试 
宽度 
(cm) 
火源
功率 
(kW) 
空气幕射
流速度 
(m/s) 
环境温
度 (oC) 
空气幕动量 
 (10-3 kg m/s2) 
烟气顶棚射流动
量 (10-3 kg m/s2) 
动量比 
(R) 
1 
3 
3.62 
0.00 24.21 0.00  
5.64 
0.00  
2 0.98 23.93 6.50  1.15  
3 1.49 24.09 15.03  2.67  
4 1.94 24.13 25.47  4.52  
5 2.38 23.69 38.39  6.81  
6 2.81 23.96 53.46  9.48  
7 3.24 23.97 71.07  12.61  
8 3.66 24.14 90.64  16.08  
9 4.07 24.27 112.04  19.87  
10 4.47 24.15 135.20  23.98  
11 
2.92 
0.00 27.77 0.00  
5.04 
0.00  
12 0.98 28.21 6.41  1.27  
13 1.49 28.29 14.82  2.94  
14 1.94 28.28 25.12  4.99  
15 2.38 28.06 37.83  7.51  
16 2.81 28.51 52.66  10.46  
17 3.24 28.27 70.06  13.91  
18 3.66 28.38 89.37  17.75  
19 4.07 28.10 110.62  21.97  
20 4.47 28.20 133.38  26.49  
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测试 
宽度 
(cm) 
火源
功率 
(kW) 
空气幕射
流速度 
(m/s) 
环境温
度 (oC) 
空气幕动量 
(10-3 kg m/s2) 
烟气顶棚射流动
量 (10-3 kg m/s2) 
动量比 
(R) 
21 
2 
3.62 
0.00 29.90 0.00  
5.64 
0.00  
22 1.10  29.96 5.35  0.95  
23 1.74  29.88 13.40  2.38  
24 2.33  29.78 24.03  4.26  
25 2.88  29.98 36.70  6.51  
26 3.42  30.04 51.74  9.18  
27 3.95  30.40 68.93  12.23  
28 4.46  30.36 87.89  15.59  
29 4.98  30.26 109.62  19.44  
30 5.47  30.40 132.19  23.45  
31 
2.92 
0.00 27.58 0.00  
5.04 
0.00  
32 1.10  27.02 5.41  1.07  
33 1.74  26.84 13.53  2.69  
34 2.33  27.10 24.25  4.82  
35 2.88  27.04 37.06  7.36  
36 3.42  27.08 52.25  10.37  
37 3.95  27.82 69.52  13.81  
38 4.46  27.45 88.74  17.62  
39 4.98  27.94 110.46  21.94  
40 5.47  27.51 133.46  26.50  
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测试 
宽度 
(cm) 
火源
功率 
(kW) 
空气幕射
流速度 
(m/s) 
环境温
度 (oC) 
空气幕动量 
(10-3 kg m/s2) 
烟气顶棚射流动
量 (10-3 kg m/s2) 
动量比 
(R) 
41 
1 
3.62 
0.00 30.23 0.00  
5.64 
0.00  
42 1.42 30.11 4.44  0.79  
43 2.34 29.79 12.16  2.16  
44 3.22 30.11 22.95  4.07  
45 4.03 31.46 35.69  6.33  
46 4.80 30.95 50.86  9.02  
47 5.57 31.05 68.30  12.12  
48 6.27 31.11 86.75  15.39  
49 7.02 32.76 107.98  19.15  
50 7.72 32.89 130.64  23.17  
51 
2.92 
0.00 31.74 0.00  
5.04 
0.00  
52 1.42 31.92 4.41  0.88  
53 2.34 32.96 12.04  2.39  
54 3.22 32.38 22.78  4.52  
55 4.03 33.24 35.48  7.05  
56 4.80 33.57 50.43  10.01  
57 5.57 33.30 67.80  13.46  
58 6.27 33.71 86.02  17.08  
59 7.02 33.76 107.62  21.37  
60 7.72 33.69 130.30  25.87  
备注： 
1）烟气顶棚射流动量通过 FDS模拟结果计算； 
2）动量比 R为空气幕动量与烟气顶棚射流动量的比值（参见论文 5.3节）； 
3）空气幕射流角度为 θ=0°。 
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表 3.2 (b) 倾斜送风空气幕实验方案 
Table 3.2(b) Overview of experimental tests for non-vertical-downward air curtains. 
测试 射流角度 
空气幕
射流速
度(m/s) 
环境温度 
(oC) 
空气幕动量 
(10-3 kg m/s2) 
烟气顶棚射流动
量 (10-3 kg m/s2) 
动量比 
(R) 
61 
15o 
0.00 27.90  0.00  
5.64 
0.00  
62 0.98 27.75  6.42  1.14  
63 1.49 28.28  14.82  2.63  
64 1.94 27.93  25.15  4.46  
65 2.38 28.34  37.79  6.70  
66 2.81 27.92  52.76  9.36  
67 3.24 28.07  70.11  12.43  
68 3.66 27.73  89.56  15.89  
69 4.07 27.16  110.96  19.68  
70 4.47 27.35  133.76  23.72  
71 
30o 
0.00 26.55  0.00  
5.64 
0.00  
72 0.98 26.34  6.45  1.14  
73 1.49 26.67  14.90  2.64  
74 1.94 26.80  25.24  4.48  
75 2.38 26.73  38.00  6.74  
76 2.81 27.59  52.82  9.37  
77 3.24 26.90  70.38  12.48  
78 3.66 27.32  89.68  15.91  
79 4.07 26.88  111.07  19.70  
80 4.47 27.01  133.91  23.75  
备注： 
喷口宽度为W=3 cm，火源功率 HRR=3.62 kW。 
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测试 射流角度 
空气幕
射流速
度(m/s) 
环境温度 
(oC) 
空气幕动量 
(10-3 kg m/s2) 
烟气顶棚射流动
量 (10-3 kg m/s2) 
动量比 
(R) 
81 
45o 
0.00 25.86  0.00  
5.64 
0.00  
82 0.98 25.93  6.46  1.15  
83 1.49 26.22  14.92  2.65  
84 1.94 26.06  25.30  4.49  
85 2.38 26.02  38.09  6.76  
86 2.81 25.71  53.15  9.43  
87 3.24 26.01  70.59  12.52  
88 3.66 25.97  90.09  15.98  
89 4.07 26.03  111.38  19.76  
90 4.47 25.78  134.46  23.85  
备注： 
喷口宽度为W=3 cm，火源功率 HRR=3.62 kW。 
 
 
 
3.5 实验数据处理 
3.5.1 温度平均值 
在所有的小尺寸实验中，每一次实验均进行了 15分钟（900s）的实时记录，
以记录数据的瞬时变化和分析稳定状态时的平均值。显然，在实验中流场会由于
空气幕的影响而产生剧烈波动。图 3.7显示了不同实验中在选定固定位置的顶棚下
方 1cm处的温度随时间的变化。选取实验 1（上图：没有空气幕）和实验 5（下图：
启用空气幕）作为代表。黑色实线（ΔX= 0 m）表示选取点位于火源上方的热电
偶的温度。绿色虚线（ΔX= 1 m）表示选取点位于空气幕喷口下方的热电偶的温
度。红色点线（ΔX= 0.8m）和蓝色点划线（ΔX= 1.2m）表示空气幕上游和下游
对称位置处的热电偶的温度。 
对于实验 1，在第 30秒点火时，观察到各点温度快速升高，而后温度缓慢上
升，在 600s左右到最高点。对于实验 5，当空气幕在 240s启动时，观察到各点温
度明显降低。当火焰在 660s关闭时，空气幕上游的温度陡然下降。在 780s，停止
空气幕后，空气幕下方的温度略有增加。图 3.7的温度的瞬时变化规律充分反映了
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上述 3.4节中提到的实验步骤。 
如图 3.7所示，在没有空气幕的情况下，流场从 600-700s开始达到准稳态。
当有空气幕时，流场通常能更快达到准稳态（在大约 400秒时）。为了统一数据处
理过程，取所有实验 600-660s期间的数据结果进行平均，作为实验的准稳态时的
数据平均值。  
 
 
图 3.7不同实验中流场固定位置的温度瞬时变化，上图 (实验 1)，下图 (实验 5) 
Fig. 3.7 Temporal evolution of temperature at selected positions in different experiments. Top (Test 
1), Bottom (Test 5) 
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3.5.2 温度波动值 
温度是实验记录的基本参数。如上所述，每个实验中以 600-660s内时间的平
均值作为稳态时的平均温度。除了平均温度值外，由于湍流数据的较大瞬时波动
性，图 3.8还计算了温度的标准偏差以表征实验结果的不确定性。时均方根温度波
动值 𝑅𝑅𝑅𝑅𝑆𝑆(𝑇𝑇′)（温度的标准偏差）用下式确定： 
𝑅𝑅𝑅𝑅𝑆𝑆(𝑇𝑇′) = �𝑇𝑇′2����                         (3.2) 
式中，上划线表示时间平均值。 
图 3.8显示了实验 1到 10的时均方根温度波动值𝑅𝑅𝑅𝑅𝑆𝑆(𝑇𝑇′)和相对温度波动
𝑅𝑅𝑅𝑅𝑆𝑆(𝑇𝑇′)/𝑇𝑇�。 
当空气幕射流速度较小时，烟气层区域的 RMS温度波动值比下部区域高。当
空气幕射流速度较高时，上游区域的 RMS温度波动通常较高，烟气温度分布比下
游区域更均匀且温度更高。总而言之，温度波动值小于 4℃（约为 5％）。 
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图 3.8实验 1-10的时均方根温度波动值（(𝑅𝑅𝑅𝑅𝑆𝑆(𝑇𝑇′)，灰色填充区域）和相对温度波动
（(𝑅𝑅𝑅𝑅𝑆𝑆(𝑇𝑇′)/𝑇𝑇�，红线）（HRR = 3.62 kW，W = 3cm） 
Fig.3.8 RMS temperature fluctuations (𝑅𝑅𝑅𝑅𝑆𝑆(𝑇𝑇′), gray-filled space) and relative temperature 
fluctuations (𝑅𝑅𝑅𝑅𝑆𝑆(𝑇𝑇′)/𝑇𝑇�, red-line) for Test 1-10 (HRR = 3.62 kW and W = 3 cm). 
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3.6 小结 
本章归纳总结了空气幕挡烟小尺寸模型实验研究中所采用的相似准则与相似
理论基础。对论文开展狭长通道空气幕挡烟性能研究所设计的小尺寸模型实验台
（火源设计、空气幕设计）、实验测试仪器与设备、实验方案与步骤以及实验数据
处理等进行了详细的介绍。 
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4 空气幕数值模拟方法及边界参数研究 
 
上一章介绍了小尺寸空气幕挡烟实验台及测试系统。通过实验获得的主要实
验数据是烟气流动的温度场。由于实验烟气温度较高，超过热线风速仪的工作范
围，且实验测试点数量有限，无法测得烟气流动的速度场。因此，需要通过数值
模拟作为小尺寸实验的补充手段对空气幕挡烟进行研究。 
论文采用的数值模拟程序为火灾动力学模拟软件 Fire Dynamics Simulator 
(FDS)。该程序是主要针对火灾热驱动下的流体流动的计算流体动力学软件。国内
外的大量文献已经证实了 FDS模拟火灾热烟流动的准确性。因此论文采用 FDS进
行数值模拟计算。 
然而，采用 FDS对空气幕的平面湍流射流的数值模拟研究较少，尚未见文献
对 FDS中采用合成涡流法（SEM）模拟的平面湍流射流准确性进行过验证。为保
证 FDS模拟空气幕的可靠性，在进行空气幕挡烟的数值模拟之前，还需针对采用
FDS模拟空气幕的可行性和准确性进行验证。 
本章基于第二章的空气幕平面射流理论，讨论了利用 FDS模拟空气幕平面射
流的方法及其边界参数的影响，从而对采用 FDS模拟空气幕的可靠性进行论证。 
 
4.1火灾动力学模拟软件介绍 
4.1.1 基本介绍 
火灾动力学模拟软件 FDS 是美国国家标准研究所（National Institute of 
Standards and Technology）建筑火灾研究实验室（Building and Fire Research 
Laboratory）开发的主要针对火灾热驱动下的流体流动的计算流体动力学软件[76]。
该软件采用数值计算方法求解受火灾浮力驱动的低马赫数（Ma<0.3）流动的 N-S
方程，重点计算火灾中的烟气和热交换过程。其具体的数学模型和数值算法见 FDS
技术参考指南[107]。 
FDS 软件作为研究火灾中烟气传播规律以及火灾预防研究的开源软件，自
2000 年公开发布以来受到了普遍的关注。在火灾科学研究和消防工程实践中得到
日益广泛的应用[53, 70, 108-111]，其可靠性也得到了广泛的证实。论文同样采用 FDS
软件作为数值模拟计算工具进行火灾烟气流动以及空气幕射流的模拟。 
FDS 软件到目前为止共发布了 6 个版本，第一版（2000 年），第二版（2001
年），第三版（2002年），第四版（2004年），第五版（2005年）以及第六版（2013
年）。论文采用的 FDS版本为第六版（6.0.1和 6.5.3）。当前最新版本为 FDS 6.6.0 
(2017年 10月 31日)。 
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FDS采用大涡模拟（Large Eddy Simulations）的数值模拟方法对湍流进行处理。
由于大涡模拟中亚格子应力项是未知的，需要亚格子（SGS）湍流模型以封闭方程。
下面将对 FDS中可用的湍流模型进行介绍。 
4.1.2 湍流模型 
在 FDS 6.0.1中的可用亚格子湍流模型包括如下[107]： 
①常系数 Smagorinsky 模型[107]，其中亚格子湍流粘性系数（亚格子湍动粘度）
可以用下式表示： 
𝜇𝜇𝑡𝑡 = 𝜌𝜌(𝐶𝐶𝑠𝑠∆)2|𝑆𝑆|                           (4.1) |𝑆𝑆| = (2𝑆𝑆𝑖𝑖𝑗𝑗𝑆𝑆𝑖𝑖𝑗𝑗 − 23 (∇ ∙ 𝒖𝒖)2)1/2                     (4.2) 
其中，𝐶𝐶𝑠𝑠 为模型常数，默认值为 0.2 [107]，∆= (𝛿𝛿𝛿𝛿 𝛿𝛿𝑦𝑦 𝛿𝛿𝛿𝛿)1/3 为滤波函数尺
度，|𝑆𝑆| 为大尺度涡流应变率张量的大小. 
②动态 Smagorinsky 模型[107]，其中模型常数𝐶𝐶𝑠𝑠不是固定值，而是在模拟过程中
根据流场状态的计算值。 
③Deardorff模型[107]，FDS默认设置的亚格子湍流模型，亚格子湍流粘性系数用
下式表示： 
𝜇𝜇𝑡𝑡 = 𝜌𝜌𝐶𝐶𝑣𝑣∆�𝑘𝑘𝑠𝑠𝑔𝑔𝑠𝑠                         (4.3) 
𝑘𝑘𝑠𝑠𝑔𝑔𝑠𝑠 = 12 ((𝑢𝑢� − 𝑢𝑢�)2 + (?̅?𝑣 − 𝑣𝑣�)2 + (𝑤𝑤� − 𝑤𝑤�)2)           (4.4) 
其中，𝑢𝑢� 为网格中心处速度𝑢𝑢𝑖𝑖𝑗𝑗𝑖𝑖和𝑢𝑢𝑖𝑖−1,𝑗𝑗𝑖𝑖的平均值， 𝑢𝑢�  为相邻网格𝑢𝑢的加权平
均值，计算公式分别如下: 
𝑢𝑢�𝑖𝑖𝑗𝑗𝑖𝑖 = 𝑢𝑢𝑖𝑖𝑗𝑗𝑖𝑖+𝑢𝑢𝑖𝑖−1,𝑗𝑗𝑖𝑖2                              (4.5) 
𝑢𝑢�𝑖𝑖𝑗𝑗𝑖𝑖 = 𝑢𝑢�𝑖𝑖𝑗𝑗𝑖𝑖2 + 𝑢𝑢�𝑖𝑖−1,𝑗𝑗𝑖𝑖+𝑢𝑢�𝑖𝑖+1,𝑗𝑗𝑖𝑖4                         (4.6) 
其余各方向的计算方法类似。模型常数𝐶𝐶𝑣𝑣为 0.1 [107]. 
④Vreman模型 [107], 其中亚格子湍流粘性系数用下式表示： 
𝜇𝜇𝑡𝑡 = 𝜌𝜌𝑐𝑐�𝛽𝛽11𝛽𝛽22−𝛽𝛽122+𝛽𝛽11𝛽𝛽33−𝛽𝛽132+𝛽𝛽22𝛽𝛽33−𝛽𝛽232𝛼𝛼𝑖𝑖𝑗𝑗𝛼𝛼𝑖𝑖𝑗𝑗               (4.7) 
其中张量 𝛽𝛽𝑖𝑖𝑗𝑗 表达式如下： 
𝛽𝛽𝑖𝑖𝑗𝑗 = ∆2𝛼𝛼𝑚𝑚𝑖𝑖𝛼𝛼𝑚𝑚𝑗𝑗                            (4.8) 
𝛼𝛼𝑚𝑚𝑖𝑖 = 𝜕𝜕𝑢𝑢�𝑖𝑖𝜕𝜕𝑥𝑥𝑚𝑚                                (4.9) 
模型常数 𝑐𝑐 = 0.07 [107]，∆ 为滤波函数尺度，𝛼𝛼 为滤波速度𝑢𝑢�的(3 × 3)导数矩
阵. 如果𝛼𝛼𝑖𝑖𝑗𝑗𝛼𝛼𝑖𝑖𝑗𝑗 = 0, 亚格子湍流粘性系数 𝜇𝜇𝑡𝑡 = 0 [112].  
论文 4.3.3节中将对以上亚格子湍流模型的应用作进一步讨论。 
4.1.3 湍流边界条件 
模拟湍流的另一个重要问题是湍流入口边界条件的设置。大涡模拟中设置湍
流边界条件的最准确的方法是直接从预模拟（Precursor simulation）或通过预模拟
创建的数据库中获得入口边界数据。但是，这需要耗费大量额外的计算成本。 
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为了解决这个问题，FDS采用了一种更有效的方法，即 Jarrin [113] 提出的合成
涡流法（synthetic eddy method (SEM)）。这种方法是基于湍流的经典观点，认为有
些随机流场中存在一些可以辨识的、有明确统计周期和外形的流动结构，即相干
结构（coherent structure）。至今发现的湍流相干结构可以归纳为线涡、涡环、发夹
涡、螺旋涡 4 种形式或它们的组合[114]。相干结构的提出, 表明湍流并不是完全不
规则的运动, 而在表面上看来不规则的运动中具有可检测的有序运动。这种有序运
动在湍流的脉动生成和发展中起着主宰作用。基于此观点，Jarrin提出湍流产生的
速度波动可以用下式表示[113]： 
𝑢𝑢𝑖𝑖
′(𝛿𝛿) = 1
√𝑁𝑁_𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸∑ 𝑎𝑎𝑖𝑖𝑗𝑗εjk𝑓𝑓𝜎𝜎(𝒙𝒙)(𝒙𝒙 − 𝒙𝒙𝑖𝑖)𝑁𝑁_𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖=1               (4.10) 
其中𝑁𝑁_𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 为涡的数量, 𝑓𝑓 为形函数（shape function）表征的是位于𝒙𝒙𝑖𝑖的
涡的速度分布，𝜀𝜀𝑗𝑗
𝑖𝑖为独立随机变量，𝑎𝑎𝑖𝑖𝑗𝑗 为雷诺应力张量的乔列斯基分解（Cholesky 
decomposition），角标 𝑖𝑖 和 𝑗𝑗 分别为速度分量和空间方向。 
在 FDS中通过“VENT” 语句设置平均速度“VEL”， 涡旋数量“N_EDDY”，
特征涡旋长度尺度 “L_EDDY”以及均方根速度波动“VEL_RMS”或者雷诺应
力张量分量“REYNOLDS_STRESS（3,3）”来调用 SEM方法[115].  
这些 SEM参数用户需要预先进行设置。据作者了解，文献[113, 116]中提供了一
些方法。然而，SEM 参数的计算，原则上需要来自上游流动条件的信息，例如湍
流强度，涡旋的特征长度尺度和涡旋的数量，这些通常从预模拟中获得。下面对
模拟中 SEM 参数值的设定进行探讨。4.3 节湍流空气幕（主流段）的数值模拟中
将对这些参数的灵敏度做进一步讨论。 
空气幕的湍流强度可以从 4.2节中的管内流动研究中得到 [117]。 
涡旋的特征长度尺度𝜎𝜎可以用下式计算[113]： 
𝜎𝜎 = 𝑚𝑚𝑎𝑎𝛿𝛿 (𝑚𝑚𝑖𝑖𝑚𝑚 (𝑘𝑘3/2 𝜀𝜀⁄ , 𝜅𝜅𝛿𝛿),∆)                  (4.11) 
𝑘𝑘 为湍流动能，𝜀𝜀 为耗散率，κ 为冯卡门常数，取 κ = 0.41, δ 所研究的流
动的特性几何长度，∆ 为网格尺寸，∆ = 𝑚𝑚𝑎𝑎𝛿𝛿 (∆𝛿𝛿, ∆𝑦𝑦, ∆𝛿𝛿 )。此外，公式（4.11）
具有保证合成结构可以在 LES网格上精确离散化的额外优势 [118]. 
然而，湍流长度尺度（turbulence length scale）(𝑘𝑘3/2 𝜀𝜀⁄ ) 的计算比较复杂。一
种更为简便的估算方法是将湍流长度尺度设为研究问题的特征长度的一定百分比。
例如，在管段流动中，湍流长度尺度可以利用管段水力直径进行估算，即，𝑙𝑙 =0.07𝐸𝐸ℎ [119, 120]. 
对于空气幕条形送风口，其水力直径约为𝐸𝐸ℎ ≈ 2𝑊𝑊。因此，湍流长度尺度为
𝑘𝑘3/2 𝜀𝜀⁄ = 0.0028m。取 δ = 𝐸𝐸ℎ ≈ 2𝑊𝑊，得到 κδ=0.0164。对于网格精度为 W/Δ = 8，
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也就是网格尺寸为 ∆ = max(∆x, ∆y, ∆z ) = 0.0025m。因此，根据公式（4.11），
特征涡旋长度尺度略大于网格尺寸，为σ = 0.0028m。特征涡旋长度尺度的影响将
在论文 4.3.5节进行详细讨论。 
最后，涡旋数量可以由下式计算得到 [116]： 
 𝑁𝑁_𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑆𝑆𝑃𝑃/𝑆𝑆𝑆𝑆                       (4.12) 
𝑆𝑆𝑃𝑃 为湍流入口的面积，𝑆𝑆𝑆𝑆 为特征涡旋截面积。因此，湍流入口表面上可以完
全布满涡旋。如果 ∆ 为满足公式（4.11）的特征涡旋长度尺度的一个解，那么将
涡旋数量取为湍流入口表面上的网格数量是进行数值模拟的一个最合理的预估。
然而，为了减少计算量，涡旋数量通常应该控制得越少越好。同样，涡旋数量的
影响将在论文 4.3.5节进行详细讨论。 
 
4.2 空气幕初始段 
本节首先主要针对网格尺寸，速度入口边界条件以及喷口类型对空气幕射流
的初始段的影响进行分析。下一节再对空气幕主体段进行研究。 
4.2.1 FDS模型设置 
本节模拟采用的 FDS 版本为 6.0.1[107]，亚格子湍流模型采用 FDS 默认的 
Deardorff 模型[115]，模型常数𝐶𝐶𝑣𝑣为 0.1。自由射流的下游流场一般受上游喷口形式
以及入口边界条件的影响很大[121]。因此，如图 4.1 所示，论文对 3 种喷口形式进
行研究。对于喷口 A，速度入口边界设置在计算域的下底面，与固体边界面相平
齐，速度入口边界与射流出口位于同一位置。相反，对于喷口 B 和 C，速度入口
边界与射流出口通过一个入口管段进行连接，这样使得速度入口边界设置在射流
出口的上游。喷口 C与 B相比，计算域下底面扩大至速度入口边界，因此射流出
口位于计算域内，而非与固体边界面相平齐。这样通过 B与 C的射流就会产生不
同的卷吸效果。 
 
 
图 4.1喷口 A-C示意图 
Fig. 4.1 Sketch of orifice configuration A-C 
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表 4.1 详细列出了此部分研究涉及到的 FDS 数值模拟方案的具体参数。对于
方案 I，其长 (𝐿𝐿𝑑𝑑)，宽 (𝑊𝑊𝑑𝑑)，高 (𝐻𝐻𝑑𝑑)均设置为 10cm，此长度为喷口宽度(𝑊𝑊 = 2𝑐𝑐𝑚𝑚)
的 5倍。所有模拟均采用正方形的结构化网格。网格的尺寸为 2cm-0.2cm，即喷口
的宽度方向上的网格个数为 1-10个。此部分研究重点在于对数值模拟网格精度（敏
感度）的讨论。 
 
表 4.1计算网格参数汇总表 
Table 4.1. Summary of the computational domains 
方案 类型 喷口尺寸 (cm) 
喷口的宽度方向上的
网格个数 
入口风管 (cm) 
I A 
正方形  
(2 x 2) 
1, 2, 3, 4, 5, 8, 10 0 
II B 
正方形   
(2 x 2) 
10 2-80 
III C 
正方形  
(2 x 2) 
10 2-80 
IV B 
矩形  
(2 x 40) 
10 160 
 
对于方案 II 和 III，计算域的长宽以及计算域顶部到射流出口的距离 (𝐸𝐸𝑑𝑑)均
为 10cm而整体计算域的高度 (𝐻𝐻𝑑𝑑)依据短管长度的不同而变化。 
对于方案 IV，用于讨论（2cm × 40cm）的矩形喷口以及入口风管长度为 160cm
的情况。所以计算域的宽(𝑊𝑊𝑑𝑑)以及顶部到射流出口的距离 (𝐸𝐸𝑑𝑑)均为 10cm，而长度
(𝐿𝐿𝑑𝑑)以及高度(𝐻𝐻𝑑𝑑) 分别为 40cm和 170cm。 
计算域的四个侧边以及顶面为“OPEN”开敞边界，底面为“SOLID”固体壁
面，空气幕喷口利用“VENT”设置为速度入口边界。 
4.2.2 FDS模拟数据的输出 
在 FDS 手册中可以找到关于数值模拟中实现速度入口边界条件的具体内容
[115]。然而论文在研究过程中发现，对速度入口边界进行 Smokeview（一种可视化
FDS 数据的工具）得到的速度值与边界设定的速度值之间存在差异。因此，首先
针对此问题论文进行了一些简要讨论。 
需要提前说明的两点是：1）FDS采用大涡模拟（LES），得到的数据是随时间
变化的瞬时数据，模拟计算的总时间为 5 秒，在模拟开始 2 秒之后模拟已经达到
（准）稳定状态（(quasi-)steady state conditions）。因此，论文提及的“平均值”为
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总计算时间最后 2秒内的时间平均值。4.2.4节将做详细讨论。2）流场数值计算中，
为了克服压力与速度的失耦（Decooupling），FDS采用交错网格对流场控制方程进
行离散。即将标量型变量（如温度、压力、浓度等）与矢量型变量（速度）的网
格系统错开[122]。标量型变量存储在 3D 网格的体中心位置，矢量型变量变量存储
在 3D网格的面中心位置。通常在后处理中，需要将存储在面中心的数据通过插值
法分解到网格四周节点位置。因此，存储在“slice file” 文件中的数据涉及到插值错
误[109]。但是，这是 FDS 用户在 Smokeview 中直接观察到的数据。大多数用户也
会直接通过 “fds2ascii” 命令获得“slice file”的数据，方便后续数据处理。然而，通
过此方法导出的数据存在插值误差。可以通过导出由 FDS实际计算的原始速度数
据的方法来避免此误差。具体做法是在“DUMP”代码行中添加“UVW_TIMER”命令
[115]。因此，FDS 用户应该意识到 FDS 实际计算的数值与在 Smokeview 中可视化
值之间的差异。 
为具体展现此差异，首先利用方案 I做了一组数值模拟，如图 4.1（A）所示，
喷口尺寸为2cm × 2cm，速度入口边界条件赋予一个速度定值 𝑈𝑈𝑖𝑖𝑎𝑎𝑝𝑝𝑢𝑢𝑡𝑡 = 5m/s来模
拟射流在出口的初始速度。入口周围是固体壁面条件，其垂直及切向速度应为 0。 
图 4.2显示了不同网格尺寸下，通过以上两种方法获得的平均入口速度分布曲
线的对比图。实线的数据来自通过命令“fds2ascii”获得的切面“slice file”的数据。虚
线的数据来自 FDS实际计算的数值。如图所示，随着网格逐渐精细，两种方法获
得的平均入口速度分布曲线的差异逐渐减小。但是对于较粗的网格，两者的差异
非常明显。例如，图 4.2左上角的极端情况下，第一种方法获得的喷口速度为 1.25m/s
是第二种方法（实际计算值 5m/s）的 1/4。因此，FDS用户应该注意此差别。除非
特别说明，以下的所有数据均通过第二种方法获得，即通过“UVW_TIMER”命令获
得 FDS实际计算的数据。 
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图 4.2不同网格尺寸下通过“fds2ascii” （实线）以及“DUMP”（虚线）两种方法获得的平均入
口速度分布曲线对比图：正方形喷口边长为W=2cm，入口速度设置为 5m/s，上一行从左往右
分别为喷口宽度方向拥有网格个数 1，2，3的情况，下一行从左往右分别为喷口宽度方向拥
有网格个数 5，8，10的情况 
Fig. 4.2 Inlet velocity profile, retrieved as output in the inlet plane by using command of 
“fds2ascii” (solid line) and “DUMP” (dashed line). The square orifice has a width W = 2cm. The 
velocity, implemented in a staggered manner in FDS, is constant across the inlet (5m/s). Top row 
from left to right: 1, 2 and 3cell across the width, Bottom row from left to right: 5, 8 and10 cells 
across the width 
 
4.2.3 空气幕喷口类型 
空气幕的空气射流本质上属于平面湍流射流，即真实情况下射流在喷口出口
处湍流程度已达到充分发展。如图 4.1所示，论文对 3种常见的模拟空气幕的空气
射流的喷口形式进行讨论。 
对于喷口 A，速度入口边界设置在计算域的下底面，与固体边界面相平齐，
速度入口边界与射流出口位于同一位置。这样射流出口处的速度曲线为设置时的
均匀直线型（Top-hat profile）。相反，对于喷口 B和 C，速度入口边界与射流出口
通过一个入口管段进行连接，这样使得速度入口边界设置在射流出口的上游。在
这种情况下，流体速度曲线经过管段会从设置的均匀直线型演变为抛物线形式。
显然，只要管段内的流体没有得到充分发展，管段的长度就会影响速度分布。此
外，喷口 C与 B相比，计算域下底面扩大至速度入口边界，因此射流出口位于计
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算域内，而非与固体边界面相平齐。这样通过 B与 C的射流就会产生不同的卷吸
效果。 
综合以上因素，入口管段长度以及喷口类型对射流出口速度分布的影响如图
4.3 所示。喷口长度方向上网格个数为 10，即网格尺寸为∆=0.2cm。喷口 B 和 C，
对不同的管段长度进行了模拟研究。结果表面，需要大约15W到20W的管段长度，
才能使得流体在管段内部获得充分发展（见 4.4.2节）。图 4.3仅绘制了管段长度为
5W 和 35W 的情况，在前者中，显然流动未得到充分发展，在后者中，流动已得
到充分发展。 
 
 
图 4.3入口管段长度以及喷口类型对射流出口速度分布的影响，数据来自 FDS实际计算数值，
正方形喷口边长为W=2cm 
Fig. 4.3 Impact of configuration and duct length on the inlet velocity profile, raw value computed in 
the inlet plane. The square orifice has a width W = 2cm 
 
同样的，入口管段长度以及喷口类型对射流轴心线上的速度分布的影响如图
4.4 所示。从图中可以观察到：1）仅在喷口类型 A 中观察到轴心线速度的下降。
这是由于出口处的流体的初始侧向扩张。如上所述，FDS 采用交错网格。对于喷
口类型 A，喷口出口与固体边界面相平齐，并且只定义了出口速度为垂直方向即
（X）方向，横向（Y和 Z）速度分量没有定义。因此，射流会在出口下游的第一
个网格中横向扩张，从而降低轴向速度。这可以通过添加入口管段来防止，因为
入口管段可以保持轴向的流动，从而确保在出口处保持一维轴向速度。2）对于喷
口类型 B，在射流出口附近轴心速度会上升。对于入口管段长度仅为 5W的情况，
这种增加是由于管段内的加速流动以及出口处的断面收缩效应（vena contracta 
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effect）。事实上，当入口管段长度等于 35W（管段内的流体不再加速时），速度的
增加并不明显。3）对于喷口类型 C，由于喷口延长，所以不存在断面收缩效应。
因此，如果入口管段长度足够长以使管段内的流动完全发展（见曲线“C-35W”），
则不会观察到速度增加。观察到的曲线“C-5W”的增加归因于管段内部的流动仍
在加速。 
 
 
图 4.4入口管段长度以及喷口类型对射流轴心线上的速度分布的影响。图例中的“5W”和“35W”
指的是入口管段的长度 
Fig. 4.4 Impact of the orifice configuration on the evolution of the centerline velocity with distance 
from orifice. The labels “5W” and “35W” in the legend refer to the length of the duct 
 
4.2.4 喷口湍流参数的获取  
目前为止，仅讨论了喷口形状为正方形(2 cm × 2 cm)的特殊情况。实际上空
气幕喷口大多为长条形的，因此，论文也对矩形喷口(2 cm × 40 cm)进行研究。
用喷口形状系数(AR = 𝑊𝑊/𝐿𝐿, 𝐿𝐿 > 𝑊𝑊)表示，对于正方形喷口AR = 1，矩形喷口AR =1/20。表 4.2列出了本节的 4个模拟方案以及其具体参数。 
如论文提到，所有模拟计算的总时间为 5秒，在模拟开始 2秒之后已达到（准）
稳定状态。因此，取总计算时间最后 2 秒内的数据做时间平均值。为了更好地说
明此问题，图 4.5做了射流轴心线上距射流出口𝑋𝑋/𝐸𝐸ℎ = 30的位置(位于射流充分发
展段内)的轴向速度 U (左)以及湍流动能（右）的时间变化图。湍流动能（Turbulence 
kinetic energy, TKE）根据 𝑇𝑇𝐾𝐾𝐸𝐸 = 1 2⁄ �𝑢𝑢′2���� + 𝑣𝑣′2���� + 𝑤𝑤′2������ 进行计算。湍流正应力(𝑢𝑢′2����, 
𝑣𝑣′2����, 𝑤𝑤′2�����)可以通过以此命令输出“STATISTICS=“COV”[115]. 
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表 4.2动力入口长度的数值模拟以及理论计算统计表 
Table 4.2 Overview of simulated and analytical entrance lengths 
方案 
喷口尺寸 
(cm) 
入口管段
长度 
𝐿𝐿/𝐸𝐸ℎ 
入口速度 
U (m/s) 
Re (*) 
(𝐿𝐿𝑒𝑒/𝐸𝐸ℎ) 1.359𝑅𝑅𝑅𝑅1/4  
[106, 123] 
4.4𝑅𝑅𝑅𝑅1/6  
[124, 125] 
CFD  
结果 
S-5 2 x 2 40 5 6732 12.31 19.11 15-20 
S-10 2 x 2 40 10 13464 14.64 21.46 15-20 
R-5 2 x 40 40 5 13464 14.64 21.46 7.5-10** 
R-10 2 x 40 40 10 26927 17.41 24.09 7.5-10** 
(*) 雷诺数  𝑅𝑅𝑅𝑅 = 𝜌𝜌𝑈𝑈𝐸𝐸ℎ/𝜇𝜇 , 取  ρ = 1.205 kg/𝑚𝑚3, 𝜇𝜇 = 1.79 × 10−5 kg/(m ∙ s) , 方形管段 : 
𝐸𝐸ℎ = 2𝑐𝑐𝑚𝑚 = 𝑊𝑊, 矩形管段: 𝐸𝐸ℎ ≈ 4𝑐𝑐𝑚𝑚 = 2𝑊𝑊。 
(**) 动力入口长度模拟值是以上经验公式的 1/2，表明对于长宽比大的矩形管段，动力入口长度
的特征长度尺度应该用管段宽度 W进行计算。 
 
 
图 4.5射流轴心线上距射流出口𝑋𝑋/𝐸𝐸ℎ = 30的位置上的轴向速度 U (左)以及湍流动能（右）的
时间变化图。通过滑动平均的方法（Moving average）获得平滑的红线，跨度为 5 
Fig. 4.5 Temporal evolution of streamwise velocity U (left) and turbulent kinetic energy (right) at 
axial distance of 𝑋𝑋/𝐸𝐸ℎ = 30 on the centerline of the duct (case S-10). Smooth red lines are 
obtained by applying the data with moving average filter with span of 5 
 
在管内流动中，粘性边界层随着流动逐渐发展，在靠近壁面处由于固体壁面
无滑移条件(Non-slip condition)，流体轴向流动速度减小，从而加速中心的流动。
粘性边界层的厚度在流动方向上增加，直到边界层到达中心并填充整个管段，此
后称为充分发展段。从管段入口到边界层合并点的距离称为动力入口长度
（hydrodynamic entrance length，𝐿𝐿𝑒𝑒）[106]。动力入口长度通常可以通过以下公式进
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行计算𝐿𝐿𝑒𝑒/𝐸𝐸ℎ ≈ 1.359𝑅𝑅𝑅𝑅1/4[123]以及𝐿𝐿𝑒𝑒/𝐸𝐸ℎ ≈ 4.4𝑅𝑅𝑅𝑅1/6 [125]。根据以上公式计算的结
果列于表 4.2中，雷诺数根据入口速度以及水力直径𝐸𝐸ℎ = 4𝐿𝐿𝑊𝑊/2(𝐿𝐿 + 𝑊𝑊)计算。 
在充分发展段，管段内压力沿程逐渐降低，因此在该区域应能观察到压力梯
度𝑑𝑑𝑃𝑃/𝑑𝑑𝑋𝑋为定值[126]。压力梯度𝑑𝑑𝑃𝑃/𝑑𝑑𝑋𝑋沿程的变化曲线如图 4.6 所示，从图中可以
估计出动力入口长度为压力梯度𝑑𝑑𝑃𝑃/𝑑𝑑𝑋𝑋变为常数的位置。对于方形管段，模拟得
到的动力入口长度与以上经验公式[123, 125]较吻合。然而对于矩形管段，动力入口长
度模拟值是以上经验公式的 1/2，即 7.5-10𝐸𝐸ℎ。这表面，应该用管段宽度 W 作为
计算长宽比大的矩形管段的动力入口长度的特征长度尺度。需注意的是经验公式
[123, 125]的推导最初是在圆管内流动的情况下得出的。 
 
 
图 4.6压力梯度𝑑𝑑𝑃𝑃/𝑑𝑑𝑋𝑋沿程的变化曲线 
Fig. 4.6 Evolution of pressure gradient 𝑑𝑑𝑃𝑃/𝑑𝑑𝑋𝑋 along the centerline of a duct flow 
 
图 4.7无量纲平均轴线速度𝑈𝑈𝑚𝑚/𝑈𝑈0,𝑐𝑐的沿程发展曲线 
Fig. 4.7 Evolution of the normalized stream-wise velocity (𝑈𝑈𝑚𝑚/𝑈𝑈0,𝑐𝑐) along the centerline of a duct 
flow. 
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图 4.8距速度入口𝑋𝑋/𝐸𝐸ℎ = 30处矩形管段长度方向中心轴(左)以及宽度方向中心轴(右)的无量
纲速度曲线分布 
Fig. 4.8 Normalized mean streamwise velocity profiles in the symmetry plane across the long side 
(left) and short side (right) of the duct at  𝑋𝑋/𝐸𝐸ℎ = 30 
 
动力入口长度也可通过无量纲平均轴线速度𝑈𝑈𝑚𝑚/𝑈𝑈0,𝑐𝑐的沿程发展曲线进行研
究，如图 4.7所示。在动力入口长度以后，即 𝑋𝑋 > 𝐿𝐿𝑒𝑒，速度曲线趋于平坦（不随𝑋𝑋
发生变化）。图 4.7 也证实了图 4.6 的结论，图 4.7 获得的动力入口长度基本与图
4.6 的结果吻合。此外，图 4.7 可以看出，正如预期的那样，随着雷诺数的增加，
𝑈𝑈𝑚𝑚/𝑈𝑈0,𝑐𝑐减小。这是由于湍流强度变大时，流动速度分布变得更加平坦（见图 4.8）。 
另一方面，对于相同的雷诺数，矩形管段的速度𝑈𝑈𝑚𝑚/𝑈𝑈0,𝑐𝑐低于方形管段。由于矩形
管段长边边界层影响较方形管段弱（图 4.8 左图所示）。模拟速度曲线的准确性将
在图 4.11进行讨论。 
图 4.9给出了入口管段轴心线上的湍流动能（TKE）曲线。结果再次与图 4.7
和 4.8 所示的入口长度的观察结果一致：对于方形管段和矩形管段，TKE 曲线分
别在 15- 20𝐸𝐸ℎ以及 7.5 - 10𝐸𝐸ℎ时趋于最大值。湍流动能随着雷诺数的增加而增加。
并且与图 4.8的速度变化趋势一致，矩形管段中的湍流动能比方形管段低。 
 
4 空气幕数值模拟方法及边界参数研究 
53 
 
图 4.9入口管段轴心线上的湍流动能（TKE）曲线 
Fig. 4.9 Evolution of mean turbulence kinetic energy (TKE) along the centerline of a duct flow. 
 
图 4.10 给出了 4 个模拟的入口管段轴心线上的湍流强度曲线(𝐼𝐼 = 𝑈𝑈𝑟𝑟𝑚𝑚𝑠𝑠/𝑈𝑈𝑚𝑚)。
可以看出虽然 4 个模拟的差别较小，湍流强度仍然也随着雷诺数的增加而增加。
𝑈𝑈𝑟𝑟𝑚𝑚𝑠𝑠为湍流速度波动的均方根 (Root mean square of turbulent velocity fluctuation)。
其模拟计算精度将在图 4.12中讨论。 
 
 
图 4.10入口管段轴心线上的湍流强度曲线(𝐼𝐼 = 𝑈𝑈𝑟𝑟𝑚𝑚𝑠𝑠/𝑈𝑈𝑚𝑚) 
Fig. 4.10 Evolution of the turbulence intensity (𝐼𝐼 = 𝑈𝑈𝑟𝑟𝑚𝑚𝑠𝑠/𝑈𝑈𝑚𝑚) along the centerline of a duct flow. 
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图4.11距速度入口𝑋𝑋/𝐸𝐸ℎ = 30处的截面中轴线平均速度分布曲线与Cheesewright等人的实验数
据[127]、Gavrilakis 等人的 DNS模拟数据[128]以及 Yao 的 LES模拟数据[129]对比图 
Fig. 4.11 Comparison of the normalized mean streamwise velocity (at 𝑋𝑋/𝐸𝐸ℎ = 30) to experimental 
data of Cheesewright et al [127], DNS data of Gavrilakis[128] and LES data of Yao [129] 
 
为验证模拟的可靠性。图 4.11将模拟平均速度数据与 Cheesewright等人的实
验数据[127]，Gavrilakis 等人的 DNS 模拟数据[128]以及 Yao 的 LES 模拟数据[129]进
行对比。除了 S-5，雷诺数最低的情况下，所有模拟数据与前人研究结果吻合较好。
前人的研究[130]中同样也反映此雷诺数造成的影响。类似地，将模拟湍流强度数据
与以上研究进行比较，结果如图 4.12所示。对于 LES模拟的湍流强度数据，文献
[129]中未提及 Re = 25000的结果，因此仅绘制了 Re = 4410的结果。图 4.11与 4.12
证实了以上所得模拟结果的准确性。 
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图4.12距速度入口𝑋𝑋/𝐸𝐸ℎ = 30处的截面中轴线湍流强度分布曲线与Cheesewright等人的实验数
据[127]、Gavrilakis 等人的 DNS模拟数据[128]以及 Yao 的 LES模拟数据[129]对比图 
Fig. 4.12 Comparison of the turbulence intensities (at 𝑋𝑋/𝐸𝐸ℎ = 30) to the experimental data of 
Cheesewright et al [127], DNS data of Gavrilakis[128]and LES data of Yao [129] 
 
4.3 空气幕主体段 
4.2节主要对网格尺寸，速度入口边界条件以及喷口类型对空气幕流动的近场
区域（初始段）的影响进行了分析。本节主要针对空气幕的主体段做进一步研究。 
4.3.1 FDS模型设置 
从上一节中可知空气幕下游的流动特性受上游入口管段长度以及喷口类型对
射流出流的影响。为了模拟的可靠性，模拟空气幕射流原则上可以连同上游入口
管段内的流动一起模拟，但是为了节省计算资源，通常只从射流出流位置处开始
模拟。针对此矛盾，本节利用以下物理模型（图 4.13）开展进一步研究。主计算
域的尺寸为 40 cm x 40 cm x 100 cm，入口管段的长度为可变化的（4cm-40cm）。
值得注意的是，根据表 2.1，射流的半值宽𝑦𝑦0.5𝑚𝑚在（X/W = 50）处小于 6 W。因
此，主计算域 Y-方向长度为 40cm (20W)，是足够宽的。喷口尺寸为 40 cm (长，
L) x 2 cm (宽，W)，喷口形状系数 AR=W/L =1/20。 
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图 4.13数值模拟物理模型示意图 
Fig. 4.13 Sketch of the computational domain 
 
速度入口边界条件设为 10m/s 的均匀直线型速度曲线。上节已知在这种情况
下，流体速度曲线经过管段会从设置的均匀直线型演变为抛物线形式。且需要大
约 15W到 20W的管段长度，才能使得流体在管段内部获得充分发展。因此入口管
段长度（动力入口长度）应为 𝐿𝐿𝑒𝑒 = 30 - 40cm。这说明了论文中最长入口管段长
度取为 40cm的原因。根据入口速度（10m/s）以及水力直径（𝐸𝐸ℎ = 4𝐿𝐿𝑊𝑊/2(𝐿𝐿 + 𝑊𝑊)
计算的雷诺数为 Re=26927，在表 2.1 统计范围内。此外，计算域的右侧以及前后
两侧的边界条件设为开敞边界“OPEN” [115]。计算域左侧以及上下两侧（黄色）设
置为固体边界“SOLID”。 注意的是上下两侧为固体边界能阻挡射流的径向（Z-方
向）流动，保证射流的 2 维性。所有模拟计算采用正方形均匀网格，计算网格精
度的分析将在下一小节做讨论。为避免歧义，除非特殊说明，湍流模型设为
Deardorff 模型 [107, 115]且不采用合成涡流方法(Synthetic Eddy Method, SEM, 见
4.3.4) [113, 115]。 
需要注意的是 4.3.1节（图 4.13）采用的物理模型与 4.2.1节（图 4.1）采用的
物理模型均为水平射流，即射流轴向沿 X方向，重力方向沿 -Z方向。第四章讨论
的空气幕平面湍流射流为等温射流，射流密度与周围气体密度相同，所受重力与
浮力相平衡，射流轴心轨迹不会发生偏转。理论分析可知，射流方向对射流流动
特性无影响。作者针对此问题也做了预模拟研究，对比了垂直向下等温射流与水
平等温射流的两种情况，研究发现两种射流的流动特性具有一致性。 
4.3.2 计算网格分析 
首先开展计算网格灵敏度分析，对数值模拟计算精度进行验证。入口管段长
度取 40cm。速度入口边界条件设为 10m/s的均匀直线型速度曲线。计算网格精度
取为 W/Δ = 4、6、8、10，对射流轴心平均速度以及各个射流横断面中心的平均流
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速分布进行探讨。如论文提到，所有模拟计算的总时间为 5 秒，在模拟开始 2 秒
之后已达到（准）稳定状态。因此，取总计算时间最后 2 秒内的数据做时间平均
值。 
射流轴心平均速度分布如图 4.14（上图）所示，网格尺寸的影响是显而易见
的。射流初始段势流核长度随着网格尺寸变小而逐渐变小，W/Δ = 10时缩短为 5W。
W/Δ = 8和W/Δ = 10的模拟结果基本都在统计文献的范围内，与图 2.3中的大部分
曲线一致。显然，W/Δ = 4和 W/Δ = 6的结果与 W/Δ = 8和 W/Δ = 10的结果存在较
大差距，不推荐使用。虽然 W/Δ = 8和 W/Δ = 10的结果还没有完全一致，但其偏
差已经较小，满足精度要求。为节省计算资源，采用 W/Δ = 8作为计算网格精度也
是合理的。 
图 4.14（下图）将射流轴心线平均速度分布做无量纲处理(U0,c /Um)2，取射流
的主体段 20 < X/W < 40进行研究，同时 X/W < 40离计算域边界足够远，可以排除
模拟 OPEN 边界条件的影响。通过此无量纲处理，对模拟数据做线性回归分析，
可以验证公式（2.1）的线性关系以及得到速度的衰减速率𝐾𝐾𝑢𝑢。对于 W/Δ = 8和 W/Δ 
= 10，衰减速率𝐾𝐾𝑢𝑢均为 0.22，虚源𝑋𝑋1/𝑊𝑊分别为 0.03以及-1.06，两者均在表 2.1的
统计数据范围内。 
各个射流横断面的半值宽（half-width）𝑦𝑦0.5𝑚𝑚如图 4.15 所示。𝑦𝑦0.5𝑚𝑚通过射流
各个横断面中心速度分布曲线获得。通过进一步无量纲处理𝑦𝑦0.5𝑚𝑚/𝑊𝑊，对模拟数据
做线性回归分析，可以验证公式（2.2）的线性关系以及得到射流的扩散速率 𝐾𝐾𝑦𝑦。
显然 W/Δ = 4和 W/Δ = 6的网格精度不理想，鉴于其模拟得到的射流扩散速率𝐾𝐾𝑦𝑦过
大。对于 W/Δ = 8和 W/Δ = 10，射流扩散速率𝐾𝐾𝑦𝑦均为 0.1，虚源𝑋𝑋2/𝑊𝑊分别为 2.2和
1.47，两者也均在表 2.1的统计数据范围内。 
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图 4.14网格精度对射流轴心平均速度分布的影响，上图：无量纲平均速度 Um/U0,c，阴影部分
为图 2.3中统计的文献范围；下图：无量纲平均速度(U0,c /Um)2（见公式 2.1） 
Fig. 4.14 Impact of the mesh resolution on the evolution of the mean velocity in the symmetry plane. 
Top: mean velocity, normalized as Um/U0,c. The shaded region is redrawn from the summarized 
literature shown in Fig.2.3. Bottom: (U0,c /Um)2 (cf. Eq.(2.1)) 
 
 
图 4.15不同网格精度下距离射流出口不同距离 X/W的各个射流横断面的半值宽𝑦𝑦0.5𝑚𝑚 
Fig. 4.15 The streamwise variation of the velocity half-width 𝑦𝑦0.5𝑚𝑚 at different mesh resolutions 
 
射流各横断面侧向（Lateral directioin, Y）中心速度分布曲线如图 4.16所示。
纵坐标为无量纲速度分布𝑈𝑈𝑎𝑎 = 𝑈𝑈/𝑈𝑈𝑚𝑚，𝑈𝑈为横断面中心线任意位置速度，𝑈𝑈𝑚𝑚为该
断面轴心线上的射流速度。横坐标为无量纲距离𝑦𝑦𝑎𝑎 = 𝑦𝑦/𝑦𝑦0.5𝑚𝑚。𝑦𝑦为横断面中心线
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任意位置距离轴心线的距离，𝑦𝑦0.5𝑚𝑚为射流半值宽。从图 4.16可以看出，随着网格
精细度的升高，各个射流横断面中心的流速分布相似性质越显著。做高斯函数𝑈𝑈𝑎𝑎 =
𝑅𝑅−𝑙𝑙𝑎𝑎2(𝑦𝑦𝑛𝑛)2用于对比[120]。模拟数据与高斯函数的残差（Root-mean-square deviation, 
RMSD）用下式计算𝑅𝑅𝑅𝑅𝑆𝑆𝐸𝐸 = �∑ (𝑈𝑈�𝑎𝑎 − 𝑈𝑈𝑎𝑎)2/𝑚𝑚𝑎𝑎1 ，𝑈𝑈�𝑎𝑎为模拟值，𝑈𝑈𝑎𝑎为高斯函数理论
值，结果绘制于图 4.17 中。可以看出残差数值虽然较小，然而残差也随着网格精
度升高而降低。 
 
 
 
图 4.16射流各横断面侧向（Lateral directioin, Y）中心速度分布图，纵坐标为无量纲速度分布
𝑈𝑈𝑎𝑎 = 𝑈𝑈/𝑈𝑈𝑚𝑚，横坐标为无量纲距离𝑦𝑦𝑎𝑎 = 𝑦𝑦/𝑦𝑦0.5𝑚𝑚 
Fig. 4.16 Normalized profiles in the far field region. Velocities are normalized by the local mean 
velocity in the symmetry plane. Transversal coordinates are normalized by the local value of the jet 
half-width 
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图 4.17不同计算网格精度下的模拟数据与高斯函数的残差 
Fig.4.17 Evolution of root-mean-square deviation with grid resolutions 
 
由于通常来说二阶湍流参数对数值模拟计算的准确性更具挑战性，接下来对
二阶湍流参数（雷诺应力）进行研究。射流各横断面（X/W =25，30，35，40）中
心处的雷诺应力𝑢𝑢′𝑢𝑢′������，𝑣𝑣′𝑣𝑣′������，−𝑢𝑢′𝑣𝑣′������如图 4.18所示。便于与 Heskestad [25]的实验值
对比，横纵坐标分别通过𝑦𝑦0.5𝑚𝑚 (𝛿𝛿)，𝑈𝑈𝑚𝑚(𝛿𝛿) 做无量纲处理[24, 25, 27]。值得注意的是
Heskestad [25]的实验雷诺数较高(Re = 3.4×104)且热线风速仪存在测量误差，需要考
虑这些因素造成的模拟值与实验值的差异。图 4.18 验证了雷诺应力分布的相似性
质[24, 25, 27]。并且随着网格精细度的升高，雷诺应力分布的相似性质越显著。对于
W/Δ=8 and W/Δ=10，雷诺应力的模拟值与实验值较吻合。虽然模拟值雷诺正应力
𝑢𝑢′𝑢𝑢′/�������𝑈𝑈𝑚𝑚2较实验值低，𝑣𝑣′𝑣𝑣′/�������𝑈𝑈𝑚𝑚2较实验值高。然而整体的湍流动能以及雷诺切应
力−𝑢𝑢′𝑣𝑣′/�������𝑈𝑈𝑚𝑚2与实验值吻合度较高。 
总之，W/Δ=8 的网格精度满足空气幕平面射流的基本特性，即能够在主体段
很好地预测射流轴心线速度衰减速率和射流扩散率。同时轴心线速度衰减曲线与
图 2.3 中的大部分曲线一致。因此，选取 W/Δ=8 的网格精度用于本节其余模拟研
究。 
 
 
 
 
4 空气幕数值模拟方法及边界参数研究 
61 
 
 
图 4.18不同网格精度下射流各横断面（X/W =25、30、35、40）中心处的侧向（Y方向）雷诺
应力 𝑢𝑢′𝑢𝑢′������ (黑色图例)，𝑣𝑣′𝑣𝑣′������ (红色图例)，−𝑢𝑢′𝑣𝑣′������ (绿色图例)分布与 Heskestad [25]实验数据对比
图 
Fig.4.18 Comparison of lateral profiles of Reynolds stress 𝑢𝑢′𝑢𝑢′/�������𝑈𝑈𝑚𝑚2 (in black)，𝑣𝑣′𝑣𝑣′/�������𝑈𝑈𝑚𝑚2 (in red) 
and −𝑢𝑢′𝑣𝑣′/�������𝑈𝑈𝑚𝑚2 (in green) at different distances from the orifice (X/W =25，30，35，40) to 
experimental data from Heskestad [25] 
 
4.3.3 湍流模型的影响 
在本小节中，对 4.1.2 节提到的 4 种湍流模型进行研究。对于常系数
Smagorinsky模型，取系数𝐶𝐶𝑠𝑠 = 0.1和𝐶𝐶𝑠𝑠 = 0.2作为对比。 
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图 4.19湍流模型对射流轴心平均速度分布的影响，上图：无量纲平均速度 Um/U0,c，阴影部分
为图 2.3中统计的文献范围；下图：无量纲平均速度(U0,c /Um)2（见公式 2.1） 
Fig. 4.19 Impact of turbulence model on the evolution of the mean velocity in the symmetry plane. 
Top: mean velocity, normalized as Um/U0,c. The shaded region is redrawn from the summarized 
literature shown in Fig.2.3. Bottom: (U0,c/Um)2 (cf. Eq.(2.1)) 
 
本节 FDS物理模型与 4.3.2节一致。射流轴心平均速度分布如图 4.19（上图）
所示。可以看出除了𝐶𝐶𝑠𝑠 = 0.2的 Smagorinsky 模型，其余湍流模型的模拟值之间差
异不大，且都在文献总结的数据范围内。文献[131-134]同样也证实了𝐶𝐶𝑠𝑠 = 0.1时，能
更好地预测平面湍流射流特性。与图 4.14类似，图 4.19（下图）验证了公式（2.1）
的线性关系。射流轴心速度的衰减速率𝐾𝐾𝑢𝑢以及射流的扩散速率 𝐾𝐾𝑦𝑦列于表 4.3中。 
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表 4.3不同湍流模型下的射流轴心速度的衰减速率 𝐾𝐾𝑢𝑢 以及射流的扩散速率 𝐾𝐾𝑦𝑦，第一行参见
表 2.1的统计值 
Table 4.3 Summary of the centerline mean velocity decay and spreading rate of planar jets for 
different turbulence models. The first line provides the range of experimental data 
湍流模型 衰减速率 (𝐾𝐾𝑢𝑢) 𝑋𝑋1 𝑊𝑊⁄  扩散速率 (𝐾𝐾𝑦𝑦) 𝑋𝑋2 𝑊𝑊⁄  
Exp. Range (see Table 2.1) 0.159 – 0.220 
-4.92 
– 4.65 
0.088 – 0.113 
-1.48 
– 3.33 
Modified Deardorff 0.22 0.03 0.10 2.20 
Constant Smagorinsky (Cs=0.2) 0.23 -11.03 0.18 -14.16 
Constant Smagorinsky (Cs=0.1) 0.20 -4.60 0.09 -0.69 
Dynamic Smagorinsky 0.22 -3.69 0.09 3.10 
Vreman 0.26 -5.29 0.10 0.18 
 
不同湍流模型的射流半值宽 𝑦𝑦0.5𝑚𝑚 模拟结果见图 4.20。同样，对模拟数据做
线性回归分析，可以验证公式（2.2）的线性关系以及得到射流的扩散速率 𝐾𝐾𝑦𝑦。如
表 4.3所示，除了𝐶𝐶𝑠𝑠 = 0.2的 Smagorinsky模型(耗散率太高)，其余湍流模型得到的
射流的扩散速率 𝐾𝐾𝑦𝑦 以及虚源位置 𝑋𝑋2/𝑊𝑊 均在表 2.1统计的文献数据范围内。 
不同湍流模型对主体段射流横断面（X/W = 40）中心的速度分布的相似性的
影响见图 4.21。可以观察到，结果几乎不受（所采用网格分辨率情况下的）湍流
模型的影响。 
二阶湍流统计数据绘制于图 4.22 中。连同图 4.18（左下）所示的 Deardorff
模型的结果，所有的结果都证实了自相似性和与Heskestad[25]的实验数据的一致性。
除了𝐶𝐶𝑠𝑠 = 0.2的 Smagorinsky模型。 
综上所述，FDS 中不同湍流模型的结果与实验数据吻合很好，但必须注意定
义模型常数的值。论文的其余部分采用 FDS（第 6版）的默认湍流模型——Deardorff
模型。 
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图 4.20不同湍流模型下的距离射流出口不同距离 X/W的各个射流横断面的半值宽𝑦𝑦0.5𝑚𝑚 
Fig. 4.20 The streamwise variation of the velocity half-width y0.5m for different turbulence models 
 
 
图 4.21射流在 X/W = 40的横断面侧向（Lateral directioin, Y）中心速度分布图，纵坐标为无量
纲速度分布𝑈𝑈𝑎𝑎 = 𝑈𝑈/𝑈𝑈𝑚𝑚，横坐标为无量纲距离𝑦𝑦𝑎𝑎 = 𝑦𝑦/𝑦𝑦0.5𝑚𝑚 
Fig. 4.21 Normalized profiles in the far field region (taken at X/W = 40). Velocities are normalized 
by the local mean velocity in the symmetry plane. Transversal coordinates are normalized by the 
local value of the jet half-width 
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图 4.22不同湍流模型下射流各横断面（X/W =25，30，35，40）中心处的侧向（Y方向）雷诺
应力 𝑢𝑢′𝑢𝑢′������ (黑色图例)，𝑣𝑣′𝑣𝑣′������ (红色图例)，−𝑢𝑢′𝑣𝑣′������ (绿色图例)分布与 Heskestad [25]实验数据对比
图 
Fig.4.22 Comparison of lateral profiles of Reynolds stress 𝑢𝑢′𝑢𝑢′/�������𝑈𝑈𝑚𝑚2 (in black)，𝑣𝑣′𝑣𝑣′/�������𝑈𝑈𝑚𝑚2 (in red) 
and −𝑢𝑢′𝑣𝑣′/�������𝑈𝑈𝑚𝑚2 (in green) at different distances from the orifice (X/W =25，30，35，40) to 
experimental data from Heskestad [25]. 
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4.3.4 入口管段长度与合成涡流方法（SEM）的影响 
如论文 4.2节可知，通过增加入口管段的方法可以使得模拟的空气幕射流在出
口处获得更加真实的湍流性质。因此，在 4.3.2 与 4.3.3 节中均采用此方法模拟空
气幕射流。然而此方法也消耗了大量的计算资源，因此本节旨在探讨采用另一种
更加节省计算资源的方法的可行性——合成涡流方法（SEM）。 
另外，已知入口管段长度对空气幕射流初始段有较大影响。首先通过一组模
拟来进一步研究入口管段长度对空气幕射流主体段的影响。入口管段长度分别设
置为 4cm (= 2W)，20cm (= 10W) 和 40cm (= 20W)。其余模型设置见 4.3.1节。入
口管段长度对射流轴心线平均速度分布曲线的影响如图 4.23(上)所示。可以看出与
4.2节结论一致，入口管段长度对初始段(X/W < 10)有较大影响。如果管段长度不
足以使流体在管段内完全发展（见“2W”和“10W”），则能在射流出口附近观察
到轴心线上平均速度的轻微增加。观察到的增加是由于管段内部的流体仍然在发
展的原因。因此，如果管段长度足够长以使流体在管段内完全发展（见曲线'20W'），
则不会观察到速度的增加。这与之前 4.2 节的结果是一致的[117]。如上所述，在长
的入口管段中流动更加充分发展，使得射流在出口处变得更加紊乱。这解释了随
着入口管段长度的增加，射流初始段势流核长度的减小。 
接下来讨论合成涡流方法的可行性。入口管段长度仍然设置为 4cm (= 2W), 
20cm (= 10W) 和 40cm (= 20W) 。仅仅在速度入口边界条件上增加 SEM参数：
L_EDDY = 0.0028m，N_EDDY = 1280以及 VEL_RMS = 0.6m/s（等同于湍流强度
I=6%, 入口速度设置为 U = 10m/s的均匀直线型速度曲线）。具体 SEM参数的灵敏
性分析将在下一节 4.3. 5做进一步讨论。需要注意的是，合成涡流方法仅仅用在入
口管段长度不足以使得管内流动充分发展的情况，及入口管段长度为 2W 和 10W
的情况。鉴于论文已经对其模拟结果的可靠性进行了详细验证，认为入口管段长
度为 20W 的情况为理想状况，以此作为与利用 SEM 的模拟结果进行对比。此时
的合成涡流方法对射流轴心线平均速度分布曲线的影响如图 4.23（下图）所示。
可以看出，与上图未使用 SEM的模拟结果对比发现，初始段的势流核的长度明显
缩短了，结果比未使用 SEM的模拟有了明显的改善。 
同样，使用与不使用 SEM 对二阶湍流参数的影响的对比如图 4.24 所示。可
以看出入口管段长度以及是否使用 SEM对二阶湍流参数（雷诺应力）的相似性影
响不大。然而可以明显看出使用 SEM时，即增加合成涡流时，模拟得到的雷诺应
力（𝑢𝑢′𝑢𝑢′/�������𝑈𝑈𝑚𝑚2，𝑣𝑣′𝑣𝑣′/�������𝑈𝑈𝑚𝑚2，−𝑢𝑢′𝑣𝑣′/�������𝑈𝑈𝑚𝑚2）要比未使用 SEM的模拟高。 
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图 4.23入口管段长度（上）以及合成涡流方法（下）对射流轴心线平均速度分布曲线的影响，
合成涡流方法仅用在入口管段长度不足以使得管内流动充分发展的情况(L_EDDY = 0.0028m, 
N_EDDY = 1280 and VEL_RMS = 0.6m/s (I = 6%))，入口速度设置为 10m/s 
Fig. 4.23 Impact of the length of the inlet duct (Top) and the application of SEM (Bottom) on the 
evolution of the mean velocity in the symmetry plane. SEM is applied to generate turbulence at the 
inlet for cases when the duct length is not long enough for the flow to be fully developed inside the 
duct (L_EDDY = 0.0028m, N_EDDY = 1280 and VEL_RMS = 0.6m/s (I = 6%)). Inlet velocity is 
10m/s. Line legend refers to the length of the inlet duct 
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图 4.24射流各横断面（X/W =25，30，35，40）中心处的侧向（Y方向）雷诺应力 𝑢𝑢′𝑢𝑢′������ (黑
色图例)，𝑣𝑣′𝑣𝑣′������ (红色图例)，−𝑢𝑢′𝑣𝑣′������ (绿色图例)分布与 Heskestad [25]实验数据对比图，上图：不
使用 SEM；下图：使用 SEM (L_EDDY = 0.0028m, N_EDDY = 1280 and VEL_RMS = 0.6m/s (I = 
6%))，入口速度设置为 10m/s 
Fig. 4.24 Comparison of lateral profiles of Reynolds stress 𝑢𝑢′𝑢𝑢′/�������𝑈𝑈𝑚𝑚2 (in black)，𝑣𝑣′𝑣𝑣′/�������𝑈𝑈𝑚𝑚2 (in red) 
and −𝑢𝑢′𝑣𝑣′/�������𝑈𝑈𝑚𝑚2 (in green) at different distances from the orifice (X/W =25，30，35，40) to 
experimental data from Heskestad [25]. Top: no application of SEM; Bottom: SEM is applied to 
generate turbulence at the inlet (L_EDDY = 0.0028m, N_EDDY = 1280 and VEL_RMS = 0.6m/s (I = 
6%)). Inlet velocity is 10m/s. 
 
4.3.5 湍流速度入口边界条件的处理 
①入口速度分布 
如论文已知可以通过设置合成涡流的方法，在减少计算资源（缩短入口管段
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长度）的同时能提高模拟的可靠性。然而，到目前为止，速度入口边界条件均还
设置为 U = 10m/s的均匀直线型速度曲线。又已知实际空气幕射流出口处的速度曲
线应为抛物线形式（如图 4.8）。因此现在对入口管段长度为 2W 且速度入口边界
条件设置为抛物线形式的情况进行讨论，以期能进一步提高模拟的可靠性。该速
度曲线以及湍流强度可以通过 4.2节得到，即速度入口中心速度为 11.85m/s，速度
波动值 VEL_RMS = 0.7m/s（等同于湍流强度 I=6%）。然而，速度曲线以及湍流强
度通常在未进行实验或者前期预模拟时是很难获取的。对于缺少此数据的情况，
湍流强度可以利用完全发展的管道流动中心处湍流强度经验公式： I = 
0.16𝑅𝑅𝑅𝑅𝐸𝐸ℎ
−1/8 [135]进行估计。此方法计算得到的湍流强度𝐼𝐼 ≈5%，与前期模拟值 6%
非常接近[117]。对于速度曲线，可以通过经典管内流动湍流充分发展段速度分布经
验公式(Power-law velocity profile) [106]：𝑈𝑈 𝑈𝑈𝑚𝑚𝑎𝑎𝑥𝑥⁄ = (1 − 𝑟𝑟 𝑅𝑅⁄ )1/𝑎𝑎获取。 
不同入口速度分布曲线以及是否设置合成涡流  (L_EDDY = 0.0028m, 
N_EDDY = 1280 and VEL_RMS = 0.7m/s (I = 6%)) 对空气幕射流轴心线平均速度分
布曲线的影响如图 4.25 所示。可以看出使用抛物线形式的入口速度曲线以及增加
合成涡流的方法对模拟结果的影响是显著的： 
首先，如 4.3.4节，对比入口管段长度为 2W采用抛物线入口速度曲线但不采
用 SEM(‘FD’)与入口管段长度为 2W 采用抛物线入口速度曲线且采用
SEM(‘FD-SEM’)的情况。可以发现，当使用 SEM时，空气幕射流的势流核长度明
显变短，趋近于理论值(4-6W)。这是由于‘FD’的湍流强度不够大造成的，再一次说
明了增加合成涡流边界条件的重要性。 
其次，模拟结果显示采用抛物线入口速度曲线且采用 SEM(‘FD-SEM’)与入口
管段长度为 20W 的理想状况(‘RT’)最吻合。该方法进一步提高了空气幕射流模拟
的可靠性。 
最后，为了研究的完整性，同时也进行了采用均匀直线型速度曲线且采用 SEM
的模拟(‘TH-SEM’)。可以预测的是其结果比(‘FD-SEM’)与理想状况(‘RT’)相比误差
要大。 
总而言之，入口管段长度为 2W 同时采用抛物线入口速度曲线且采用合成涡
流边界条件模拟空气幕射流(‘FD-SEM’)与入口管段长度为 20W 的理想状况(‘RT’)
最吻合。其优点是由于入口管道所需的长度减小而降低了计算成本。例如，比较
“20W”到“2W”的两个数值模拟，“2W”的计算时间可以减少 15％。 
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图 4.25 不同入口速度分布曲线以及是否设置合成涡流对射流轴心线平均速度分布曲线的影响，
RT：与入口管段长度为 20W的(湍流充分发展后的)理想状况；FD：入口管段长度为 2W采用
抛物线入口速度曲线但不采用 SEM；FD-SEM：入口管段长度为 2W采用抛物线入口速度曲线
且采用 SEM(L_EDDY = 0.0028m, N_EDDY = 1280 and VEL_RMS = 0.7m/s (I =6%))；TH-SEM：
与 FD-SEM基本相同，除了采用 U = 10m/s的均匀直线型速度曲线 
Fig. 4.25 Impact of the inlet boundary conditions on the evolution of the mean velocity in the 
symmetry plane. RT: real turbulence - inlet duct length equal to 40 cm. FD: inlet duct length equal to 
4 cm, no application of SEM, fully developed velocity profile is imposed; FD-SEM: inlet duct length 
equal to 4 cm, application of SEM (L_EDDY = 0.0028m, N_EDDY = 1280 and VEL_RMS = 0.7m/s 
(I =6%)), fully developed velocity profile is imposed; TH-SEM: same as FD-SEM, but inlet velocity 
is 10m/s top-hat velocity profile. 
 
为了研究的可靠性，同时对‘FD-SEM’与‘RT’两种情况下的射流轴心速度衰减
速率，射流扩散速率以及横断面中心线二阶湍流参数进行探讨。 
首先是射流轴心速度衰减速率，射流扩散速率如表 4.4 所示。可以看出
‘FD-SEM’与‘RT’两种情况下，速度衰减速率Ku，射流扩散速率Ky均在表 2.1 统计
范围之内。 
其次是二阶湍流参数。‘FD-SEM’与‘RT’两种情况下，X/W = 25 – 40的不同横
断面中心线的雷诺应力分布( 𝑢𝑢′𝑢𝑢′/�������𝑈𝑈𝑚𝑚2，𝑣𝑣′𝑣𝑣′/�������𝑈𝑈𝑚𝑚2，−𝑢𝑢′𝑣𝑣′/�������𝑈𝑈𝑚𝑚2)如图 4.26 所示。
可以看出二者之间的差异非常小，因此再一次证明了以上方法的可行性。 
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表 4.4“Reference”与“FD-SEM”的射流轴心速度的衰减速率 𝐾𝐾𝑢𝑢 以及射流的扩散速率 𝐾𝐾𝑦𝑦，
第一行参见表 2.1的统计值 
Table 4.4 Summary of the centerline mean velocity decay and spreading rate of planar jets for the 
‘reference’ case and the ‘FD-SEM’ case. The first line provides the range of experimental data. 
边界条件 衰减速率 (𝐾𝐾𝑢𝑢) 𝑋𝑋1 𝑊𝑊⁄  扩散速率 (𝐾𝐾𝑦𝑦) 𝑋𝑋2 𝑊𝑊⁄  
Exp. Range (see Table 2.1) 0.159 – 0.220 -4.92 – 4.65 0.088 – 0.113 -1.48 – 3.33 
Reference (RT) 0.22 0.03 0.10 2.20 
FD - SEM 0.22 -1.22 0.10 3.29 
 
 
图 4.26射流各横断面（X/W =25，30，35，40）中心处的侧向（Y方向）雷诺应力 𝑢𝑢′𝑢𝑢′������ (黑
色图例)，𝑣𝑣′𝑣𝑣′������ (红色图例)，−𝑢𝑢′𝑣𝑣′������ (绿色图例) 分布与 Heskestad [25]实验数据对比图 
Fig. 4.26 Comparison of lateral profiles of Reynolds stress 𝑢𝑢′𝑢𝑢′/�������𝑈𝑈𝑚𝑚2 (in black)，𝑣𝑣′𝑣𝑣′/�������𝑈𝑈𝑚𝑚2 (in red) 
and −𝑢𝑢′𝑣𝑣′/�������𝑈𝑈𝑚𝑚2 (in green) at different distances from the orifice (X/W =25，30，35，40) to 
experimental data from Heskestad [25] 
 
 
②合成涡流方法 (SEM): 特征长度 (L_EDDY) 
在这一小结中对 SEM 参数：涡旋特征长度 (L_EDDY)进行灵敏性分析。改变
涡旋特征长度(L_EDDY)，其余设置与本节(1)模拟 (‘FD-SEM’)一致。取 L_EDDY
分别为 0.0028m(=7%𝐸𝐸ℎ，水力特征直径的 7% [119, 120])，0.0056m，0.01m进行研究。 
图 4.27显示了 L_EDDY对射流轴心平均速度曲线的影响。如论文提到，利用
理想状况(‘RT’)作为比较。可以看出 L_EDDY 对近场区域结果的影响较大。随着
L_EDDY的增加，势流核心的长度变短。 然而，在远场区域（X / W> 20），L_EDDY
对射流轴心线平均速度的影响很小。由于篇幅的限制，远场区域的二阶湍流参数
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不再赘述。总的来说，图 4.27清楚地表明，应用 SEM，如果近场区域是重要的话，
在选择 L_EDDY尺度时必须谨慎。论文中 L_EDDY的影响与文献[136]对圆形喷口射
流的结果类似。 
 
 
图 4.27L_EDDY对射流轴心平均速度曲线的影响，入口管段长度为 4cm采用抛物线入口速度
曲线且采用 SEM (N_EDDY = 1280, VEL_RMS = 0.7m/s (I = 6%)) 
Fig. 4.27 Impact of L_EDDY on the evolution of the mean velocity in the symmetry plane. Inlet duct 
length is 4 cm (except for ‘RT’, which refers to the 40 cm inlet duct length calculation). N_EDDY = 
1280 and VEL_RMS = 0.7m/s (I = 6%). The fully developed turbulent velocity profile is imposed at 
the inlet. The line legend refers to L_EDDY 
 
③合成涡流方法 (SEM): 涡流数量 (N_EDDY) 
在这一小结中对 SEM 参数：涡流数量 (N_EDDY)进行灵敏性分析。改变涡流
数量 (N_EDDY)，其余设置与本节(1)模拟(‘FD-SEM’)一致。取 N_EDDY = 100、200、 
400、800、1280、2000进行研究。N_EDDY = 1280等同于速度入口边界面上的网
格数量(8 * 160 = 1280)，N_EDDY = 2000大约是此数量的两倍，认为数量已经足够
大。 
图 4.28 显示了 N_EDDY 对射流轴心平均速度曲线的影响。随着 N_EDDY 的
增加，势流核心的长度变短。该结果与文献[113]的结果一致，即表明漩涡数量越少，
合成涡流信号间隙越大(More intermittent)，即有更多的区域没有任何波动。
N_EDDY的影响不如 L_EDDY的影响强，只要 N_EDDY足够大，结果对涡漩数量
的敏感度就会降低。如 4.1.3节所述，设定涡漩数等于速度入口边界面上的网格数
量通常会给出合理的结果。然而在实际应用中，要求涡漩的数量尽可能低，以限
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制生成湍流数据的计算成本。事实上，与 N_EDDY = 2000（总 CPU时间= 4.1 X 106 
s）比 N_EDDY = 100（总 CPU时间= 3.4 X 106 s）的 CPU时间增加了 20％。对于
本研究，如图 4.28所示，设置 N_EDDY = 400结果最为理想。 
 
 
图 4.28 N_EDDY对射流轴心平均速度曲线的影响，入口管段长度为 4cm采用抛物线入口速度
曲线且采用 SEM (L_EDDY = 0.0028m, VEL_RMS = 0.7m/s (I = 6%)) 
Fig. 4.28 Impact of N_EDDY on the evolution of the mean velocity in the symmetry plane. Inlet duct 
length is 4 cm (except for ‘RT’, which refers to the 40 cm inlet duct length calculation). L_EDDY = 
0.0028m and VEL_RMS = 0.7m/s (I = 6%). The fully developed turbulent velocity profile is imposed 
at the inlet. The line legend refers to N_EDDY 
 
通过以上 3 部分研究发现，入口管段长度为 2W 同时采用抛物线入口速度曲
线且采用合成涡流边界条件模拟空气幕射流能在节省计算资源的同时满足计算精
度的要求。合成涡流边界条件参数设置如下：L_EDDY = 0.0028m，N_EDDY = 400，
VEL_RMS = 0.7m/s（I = 6％）。 
 
4.4 小结 
本章主要讨论空气幕的 FDS模拟方法及验证。分别通过空气幕射流的初始段
与主体段进行讨论，并通过与前人经验公式、实验数据和模拟数据做对比的方法
来验证 FDS模拟的可靠性。 
空气幕射流的初始段研究主要涉及空气幕射流边界条件的处理、喷口类型以
及喷口湍流参数的获取等，主要结论如下： 
①FDS 模拟数据可视化（Smokeview）数据涉及插值错误，与 FDS 的真实计
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算值存在差异。可以通过导出原始计算值的方法来避免。 
②喷口类型对空气幕射流轴心速度分布有影响，主要归因于不同喷口类型所
产生的射流出口处的不同卷吸效果。 
③为了在空气幕射流出口处获得较真实的湍流参数，需要设置长度大约为 20
倍空气幕喷口宽度的入口管段，以使流体在管段内获得充分发展。 
空气幕射流的主体段的研究主要涉及计算网格分析、湍流模型的影响、入口
管段长度与合成涡流方法以及湍流速度入口边界条件的处理等研究，主要结论如
下： 
①通过网格灵敏度研究，提出了满足空气幕射流计算精度的最小计算网格尺
度； 
②平面射流的 FDS模拟结果与前人实验数据较一致。射流轴心平均速度衰减
速率和射流扩散速率均在统计数据范围内。FDS 模拟数据与实验数据吻合，能很
好地验证射流平均速度分布的自相似性与二阶湍流参数的自相似性； 
③湍流模型对 FDS 数值模拟结果的影响较小，然而需注意 Smagorinsky 湍流
模型常数的影响； 
④通过设置 SEM合成涡流的方法，在减少计算资源（缩短入口管段长度）的
同时能提高空气幕数值模拟的可靠性； 
⑤研究了合成涡流方法中 SEM参数的影响并提出了设置参数的具体算法； 
⑥通过与前人实验数据和模拟数据的对比，验证了 FDS模拟空气幕平面射流
的可靠性。 
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5 空气幕挡烟有效性研究 
 
上一章讨论了利用火灾动力学模拟软件 FDS对空气幕平面射流的数值模拟方
法及参数研究。验证了 FDS模拟空气幕平面射流的可行性和准确性。本章将根据
90组小尺寸实验和约 100组 FDS数值模拟结果，对空气幕挡烟的有效性即挡烟性
能进行研究。本章先将对影响空气幕挡烟性能的关键参数，即空气幕射流速度、
角度、宽度以及火源功率的影响进行提炼。然后提出评价的指标体系和评价指标
的计算方法。即先通过实验结果定性地分析影响空气幕的挡烟性能的各个影响因
素。然后结合 FDS数值模拟，通过计算空气幕挡烟性能的评价指标，进一步定量
地分析各个影响因素对于空气幕的挡烟性能的影响。从而提出空气幕设计初步框
架。 
 
5.1 相关影响因素分析 
根据前人研究、初步实验以及预模拟可知影响空气幕挡烟有效性的主要影响
因素包括空气幕射流速度、射流角度、喷口宽度以及火源功率等因素。本节根据
小尺寸实验结果提炼空气幕挡烟有效性的相关影响因素。 
5.1.1 射流速度的影响 
依据论文第三章的小尺寸实验 Test1-10（HRR=3.62 kW，射流角度为 0°且宽
度W=3 cm）分析射流速度对空气幕挡烟有效性的影响。 
整理 Test1-10 不同射流速度，顶棚下方 1cm 处纵向烟气温度结果，得到其温
度分布如图 5.1所示。可以看出当不开启空气幕时（0 m/s），顶棚烟气温度随着距
离火源的距离增大而降低。开启空气幕与未启动空气幕的情况相比，空气幕开启
后，空气幕下游相同位置处的温度降低。且随着空气幕速度的增加，温度的降低
更明显。 
空气幕射流速度对流场的影响是非常明显的。随着空气幕射流速度的增大，
更多的新鲜空气将被卷吸到上游的位置。这就解释了图 5.1观察到的现象：较高的
空气幕速度下，靠近火源的上游区域温度会降低。这也说明了小尺寸实验采用气
体燃烧器作为模拟火源而不使用液体燃料作为模拟火源的原因。因为气体燃烧器
能更好地控制火源功率而不会像液体燃料火源那样受到空气幕的影响。该现象同
时也说明了需要避免将空气幕应用与靠近火源的情况，从而避免火势的进一步扩
大。 
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图 5.1顶棚下方 1cm处纵向烟气温度分布图 
Fig. 5.1 Mean smoke temperature distribution along the longitudinal direction at 1cm below the 
ceiling  
 
图 5.2表示 Test1-10，不同空气幕射流速度下，空气幕上游(∆X=0.8 m)以及下
游(∆X=1.2 m) 处断面中心线上的温度垂直分布图。对于上游和下游，随着气幕速
度的增加，温度曲线变得平坦（温度分布更均匀）。事实上，随着气幕速度的增加，
流场变得更加掺混。然而，下游区域的温升（或温度分布）比上游区域小得多（或
更平坦）。这体现了空气幕的挡烟效果，定量分析将在 5.2节中详细讨论。 
 
 
(a) 空气幕上游 (∆X=0.8 m) 
(a) Upstream region (∆X=0.8 m) 
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(b) 空气幕下游 (∆X=1.2 m) 
(b) Downstream region (∆X=1.2 m) 
图 5.2断面中心线上的温度垂直分布图 
Fig. 5.2 Profiles of mean smoke temperature distribution in the symmetry plane 
 
5.1.2 火源功率的影响 
火源功率的影响较为直观。火源功率将影响烟气顶棚射流的温度以及速度分
布。根据 Alpert [137]以及Motevalli [138]的研究可知烟气顶棚射流的温度以及速度与
火源功率?̇?𝑄，通道高度 H以及距火源距离 r有关。因此，烟气顶棚射流的动量是?̇?𝑄,
𝐻𝐻, 𝑟𝑟的函数，即 𝜌𝜌𝑠𝑠𝐴𝐴𝑠𝑠𝑉𝑉𝑠𝑠2 = 𝑓𝑓(?̇?𝑄, 𝐻𝐻, 𝑟𝑟)。改变火源功率?̇?𝑄，通道高度 H以及距火源
距离 r 的任一参数均能改变烟气顶棚射流的动量。实验时改变火源功率易于实现，
因而论文仅通过改变火源功率这一参数来改变烟气顶棚射流动量从而研究烟气顶
棚射流动量对挡烟效率的影响。 
固定射流角度为 0°，空气幕宽度W=3 cm，取射流速度分别为 0 m/s，1.49 m/s，
2.38 m/s和 3.24 m/s时，顶棚下方 1 cm处不同火源功率的纵向烟气温度分布如图
5.3所示。下游(∆X=1.2 m) 处断面中心线上的温度垂直分布图如图 5.4所示。因为
论文分析空气幕挡烟效果，因而给出下游区域空气幕保护区域的温度分布。其他
因素的影响分析也类似采用这样的方法，即仅列出下游区域的温度分布。图 5.3和
5.4 可以看出，当空气幕速度为 0 时（即空气幕未开启），火源功率大时，烟气层
顶棚射流的纵向烟气温度以及截面垂直温度高。这与 Alpert [137]以及Motevalli [138]
的研究结论一致，即烟气顶棚射流的温度与火源功率 Q 成正比。因此，相同射流
速度下，结果也是类似的，总体的烟气层顶棚射流的纵向烟气温度分布以及截面
垂直温度分布随着火源功率的升高而升高。定量分析将在 5.2节中详细讨论。 
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图 5.3顶棚下方 1 cm处不同火源功率不同射流速度下的纵向烟气温度分布图 
Fig. 5.3 Mean smoke temperature distribution along the longitudinal direction at 1cm below the 
ceiling  
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图 5.4空气幕下游 (∆X=1.2 m) 处断面中心线上的温度垂直分布图 
Fig. 5.4 Profiles of mean smoke temperature at the downstream of the air curtain (∆X=1.2 m)  
 
5.1.3 喷口宽度的影响  
喷口宽度的影响可以通过分析 Test 5、24、43得到，即固定射流角度为 0°，
火源功率 HRR=3.62kW，射流速度 Vj≈2.3m/s时，不同的喷口宽度对挡烟性能的影
响，如图 5.5和 5.6所示。顶棚下方 1cm处纵向烟气温度分布和空气幕下游(∆X=1.2 
m) 处断面中心线上的温度垂直分布图分别如图 5.5和 5.6所示。 
从图可以看出，其他参数一定时，空气幕下游纵向以及垂直烟气温度分布随
着喷口的宽度的增加而降低。即挡烟性能随着喷口宽度的增加而增强。这是由于
其他参数一定时，喷口宽度增加会导致空气幕射流动量以及质量流量的增大。定
量分析将在 5.2节中详细讨论。 
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图 5.5顶棚下方 1cm处纵向烟气温度分布图 
Fig. 5.5 Mean smoke temperature distribution along the longitudinal direction at 1cm below the 
ceiling  
 
 
图 5.6空气幕下游 (∆X=1.2 m) 处断面中心线上的温度垂直分布图  
Fig. 5.6 Profiles of mean smoke temperature at the downstream of the air curtain (∆X=1.2 m) 
 
5.1.4 射流角度的影响  
空气幕射流角度的影响可以通过分析固定火源功率为 HRR=3.62kW，喷口宽度
W=3 cm以及射流速度分别取为 1.49m/s，2.38m/s，3.24m/s和 4.07m/s时，不同的
射流角度的实验数据获得。 
同上，不同射流角度，顶棚下方 1cm处纵向烟气温度分布和下游(∆X=1.2 m) 处
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断面中心线上的温度垂直分布图分别如图 5.7和 5.8所示。 
从图 5.7与 5.8可以看出，射流速度较小时射流角度的影响较小，在射流速度
较大时影响较显著。此外，射流角度为 0°与 15°的结果较接近，30°与 45°的
结果较接近。总体而言，固定其他参数时，射流角度为 30°与 45°时，下游纵向
以及垂直烟气温度分布要比垂直射流和射流角度为 15°时低。同样，定量分析将
在 5.2节中详细讨论。 
 
 
图 5.7空气幕射流角度对顶棚下方 1cm处纵向烟气温度分布的影响  
Fig. 5.7 Mean smoke temperature distribution along the longitudinal direction at 1cm below the 
ceiling  
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图 5.8空气幕射流角度对空气幕下游 (∆X=1.2 m) 处断面中心线上的温度垂直分布的影响  
Fig. 5.8 Profiles of mean smoke temperature at the downstream of the air curtain (∆X=1.2 m) 
 
5.2空气幕挡烟性能分析 
基于空气幕挡烟性能的各个因素的影响规律。本小节进一步提出空气幕挡烟
性能的评价指标（空气幕挡烟效率），从而对空气幕挡烟性能进行量化分析。 
5.2.1空气幕挡烟性能的量化及动量比 R 
空气幕挡烟本质上为空气幕减少传热和传质的能力。其挡烟性能的评价可以
参考空调系统空气幕隔热的研究，ASHRAE 标准中空气幕隔热性能的计算方法如
下[139]： 
𝜂𝜂 = 1 − 𝑞𝑞
𝑞𝑞open
                              (5.1) 
其中𝑞𝑞为开启空气幕时透过大门的热量，𝑞𝑞open为未开启空气幕时透过大门的热
量。类似地，对于空气幕的挡烟性能，定义局部挡烟效率𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙为“1”减“空气幕
作用时下游某断面平均温升∆𝑇𝑇𝑉𝑉𝑗𝑗与空气幕未开启时该断面平均温升的∆𝑇𝑇𝑉𝑉𝑗𝑗=0的比
值”，即 
𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙 = 1 − ∆𝑇𝑇𝑉𝑉𝑗𝑗∆𝑇𝑇𝑉𝑉𝑗𝑗=0                           (5.2) 
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断面平均温升∆𝑇𝑇𝑉𝑉𝑗𝑗 可以由下式计算： 
 
∆𝑇𝑇𝑉𝑉𝑗𝑗 = 1𝑍𝑍 ∫(𝑇𝑇𝑉𝑉𝑗𝑗(𝛿𝛿) − 𝑇𝑇𝑎𝑎𝑚𝑚𝑎𝑎)𝑑𝑑𝛿𝛿                    (5.3) 
𝑍𝑍 为断面的高度，即计算平均温升的积分范围。 
此外，除了计算空气幕的局部挡烟效率𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙，定义空气幕的平均挡烟效率
𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎为𝑚𝑚个断面局部挡烟效率𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙的平均值，即 
 
𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎 = 1𝑎𝑎 ∑𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙                             (5.4) 
狭长空间内的纵向温度分布与烟气中 CO分布具有一定的函数关系[140]。如论
文第一章所述，空气幕的主要作用是阻挡火灾烟气的蔓延，并假设在发生火灾时，
开启与火源距离较远处的空气幕，阻止烟气向其他区域蔓延，因而在此假设前提
下，可以认为火源热辐射对空气幕下游区域的影响较小。因此，论文的研究采用
温度指标计算空气幕挡烟效率。其优点在于温度指标易于获取，便于实际应用时
的计算校验。 
空气幕的挡烟效率与空气幕射流角度，速度，宽度以及火源功率有关。对于
垂直空气幕射流（空气幕射流角度=0°），空气幕射流速度，宽度以及火源功率的
影响可以用一个物理量来描述，即动量比 R（momentum ratio），定义为空气幕射
流动量(𝜌𝜌𝑗𝑗𝐴𝐴𝑗𝑗𝑉𝑉𝑗𝑗2)与烟气顶棚射流动量(𝜌𝜌𝑠𝑠𝐴𝐴𝑠𝑠𝑉𝑉𝑠𝑠2)之比： 
 
𝑅𝑅 = 𝜌𝜌𝑗𝑗𝐴𝐴𝑗𝑗𝑉𝑉𝑗𝑗2/𝜌𝜌𝑠𝑠𝐴𝐴𝑠𝑠𝑉𝑉𝑠𝑠2                           (5.5) 
烟气顶棚射流动量(𝜌𝜌𝑠𝑠𝐴𝐴𝑠𝑠𝑉𝑉𝑠𝑠2)取为烟气到达空气幕位置处的烟气顶棚射流动量。
影响空气幕射流动量(𝜌𝜌𝑗𝑗𝐴𝐴𝑗𝑗𝑉𝑉𝑗𝑗2)大小的因素包括空气幕射流速度以及宽度。影响烟气
顶棚射流动量(𝜌𝜌𝑠𝑠𝐴𝐴𝑠𝑠𝑉𝑉𝑠𝑠2) 大小的因素有火源功率、火源与空气幕的距离、空间尺寸
等（𝜌𝜌𝑠𝑠𝐴𝐴𝑠𝑠𝑉𝑉𝑠𝑠
2 = 𝑓𝑓(𝑄𝑄, 𝐻𝐻, 𝑟𝑟)，见 5.2.2）。由于影响因素多，为了研究的方便，可以
将所有因素的影响表达为无量纲量——动量比 R。从而可以从本质上对影响空气幕
的挡烟性能进行研究。 
因此小尺寸实验中，如论文第三章表 3.2（a）所示，通过改变空气幕射流速
度，宽度以及火源功率这三个变量的组合，以研究动量比 R 的影响。此外，在此
基础上又通过固定动量比 R，仅改变空气幕射流角度的方案，如表 3.2（b）所示，
来进一步研究空气幕射流角度的影响。至此，下一小结将对空气幕挡烟效率的影
响因素做定量分析。 
5.2.2空气幕挡烟效率 
图 5.9 表示火源不同距离处的局部挡烟效率𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙与空气幕动量比 R 之间的关
重庆大学博士学位论文 
84 
系。（a）、 （b）、 （c）代表不同空气幕喷口宽度的结果。每个子图包括 6条曲线，
即表示不同的火源功率 HRR以及下游距火源不同距离的结果。 
从图 5.9可以观察到如下规律： 
①局部挡烟效率 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙 随着下游区域的位置而变化。通常在靠近空气幕的区
域局部挡烟效率 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙 较高。这可能是由于空气幕射流撞击地面，从而将烟气卷
吸到下游更远的区域。 
②相同的下游区域距离，不同的火源功率的两条曲线重合。这意味着只要动
量比 R相等，就可以实现不同 HRR下空气幕的等效挡烟效率。 
③在 R较小时，局部挡烟效率 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙 随着动量比 R的变化没有规律。不同位
置处的局部挡烟效率不同。这是由于空气幕射流速度较小时，空气幕下游区域的
温度分布不均匀造成的。 
④当动量比 R 增大到某一数值时，下游不同位置的局部挡烟效率 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙达到
一定值。可以看出当 R ≈ 10时，局部挡烟效率 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙 达到最大值。因而可以推荐
使用 R ≈ 10的动量比，来实现垂直向下送风的挡烟空气幕在某个送风口宽度的条
件下的最佳挡烟性能。该结论与前期研究发表的论文结果相同。 
⑤通常，动量比 R 并非越高越好。R 越高，由于空气幕射流撞击地面，卷吸
新鲜空气供给上游火源就越多。在通风不足的火灾情况下，这种情况可能会助长
火势，导致更加危险的情况发生。因此，推荐使用能保证最佳挡烟性能的最小动
量比 R ≈ 10，作为确定动量比 R的标准。 
⑥通过比较图 5.9的（a）、 （b）、 （c）三个子图可以看出喷口宽度的影响。
对于不同的喷口宽度，图 5.9的三个子图的曲线形状相似，局部挡烟效率 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙 都
在 R ≈ 10时达到最大值。（最大）局部挡烟效率 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙 随着喷口宽度的增大而升
高。意味着，对于相同的动量比 R 值，对于更宽的喷口来说可以获得更好的挡烟
性能。这是由于对于相同的动量比 R 值，喷口宽度越大，空气幕射流质量流量越
大（如图 3.5 所示）。又由于能量守恒，那么空气幕射流质量流量越大必将导致下
游的烟气温度也越低。 
对于喷口宽度W = 1cm的情况，不仅局部挡烟效率较低，还可能产生副作用。
即开启空气幕时有可能导致更多的烟气被卷吸入下游区域，使得挡烟性能变得更
差。为了避免此情况的发生，空气幕的喷口宽度应满足一定要求。对于该问题的
具体分析，参见 5.5.2节。 
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Fig. 5.9 Local sealing effectiveness ܧ௟௢௖௔௟ at different distances from the fire versus momentum 
ratio R for air curtain with different widths. 
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以上仅仅涉及到垂直送风空气幕的研究，即空气幕射流角度为 0°的情况。如
论文第三章中表 3.2（b）中的方案，还研究了送风角度为 15°，30°和 45°的三
种情况。图 5.10表示不同送风角度情况下，距火源不同距离的挡烟效率𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙与空
气幕动量比 R之间的关系。可以看出结果与垂直送风空气幕类似，仍在 R ≈ 10时，
局部挡烟效率 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙 达到最大值。需要说明的是对于非垂直送风空气幕，R 为空
气幕动量（垂直分量）与烟气顶棚射流动量之比。 
随着空气幕射流角度的增加，最大的局部挡烟效率𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙也会增加。这是由于
喷射角从 0°增加到 45°时，空气幕动量水平分量的增加。 
 
  
图 5.10不同送风角度情况下距火源不同距离的挡烟效率𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙与空气幕动量比 R之间的关系 
Fig. 5.10 Local sealing effectiveness 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙 at different distances from the fire versus momentum 
ratio R for different injection angles. 
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通过以上分析可以得出，利用空气幕挡烟，对于不同的火源功率以及不同的
空气幕参数（射流速度、喷口宽度以及射流角度）的情况，无量纲量（动量比 R）
是一个重要参数。当 R ≈ 10时，均能使不同情况下的局部挡烟效率 𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙 达到最
大值。然而最大挡烟效率与喷口宽度以及射流角度有关。 
喷口宽度以及射流角度对最大平均挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎的影响如图 5.11所示。空气
幕的平均挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎为各个断面局部挡烟效率𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙的平均值。图 5.11(a)和(b)
证实了先前的结论，即平均挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎随着动量比 R的增加而增加，并且对于
具有不同喷口宽度以及射流角度的情况，当 R ≈ 10时挡烟效率接近最大值。 
 
 
图 5.11喷口宽度(a)以及射流角度(b)对最大平均挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎的影响 
Fig. 5.11 Mean sealing effectiveness 𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎 versus the slot widths (a) and injection angles (b). 
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更重要的是，如图 5.11(a)所示，对于某一个定值 R，平均挡烟效率随着喷口
宽度的增大而增大。这或许是由于空气幕射流流量增大导致的。由于动量比 R 与
喷口宽度以及射流速度成正比 (𝑅𝑅~𝑓𝑓(𝑊𝑊𝑗𝑗𝑉𝑉𝑗𝑗2)，对于𝑊𝑊𝑗𝑗1𝑉𝑉𝑗𝑗12 = 𝑊𝑊𝑗𝑗2𝑉𝑉𝑗𝑗22, 如果 𝑊𝑊𝑗𝑗1 >
𝑊𝑊𝑗𝑗2, 那么 𝑉𝑉𝑗𝑗1 < 𝑉𝑉𝑗𝑗2 且 𝑊𝑊𝑗𝑗1𝑉𝑉𝑗𝑗1𝑊𝑊𝑗𝑗2𝑉𝑉𝑗𝑗2 = 𝑉𝑉𝑗𝑗2𝑉𝑉𝑗𝑗1 > 1。通过以上步骤，可以简单证明对于某一
个定值动量比 R，空气幕射流流量随着宽度的增大而增大。因此，对于一定的动量
比 R，平均挡烟效率的增加主要是由于喷口宽度变大，空气幕射流质量流量增加从
而空气幕射流稀释效应（Dilution effect）变强的原因。然而，此效应对于提高空气
幕的挡烟性能并不显著。 
类似地，如图 5.11(b)所示，在一定的动量比 R 下，平均挡烟效率随着空气幕
射流角度的增加而增加。可以观察到，当空气幕射流角度从 15°增加到 30°时，
平均挡烟效率显著增大（从 50％增大到 90％）。随着空气幕射流角度的进一步增
大从 30°增加到 45°，平均挡烟效率的净增长小于 10％。因此可以推荐角度为
30°是最佳的空气幕射流角度。 
 
5.3 挡烟性能 FDS数值模拟 
由于小尺寸实验的限制，需要开展数值模拟研究，对范围更大的火源功率、
空气幕射流速度以及空气幕喷口宽度等参数进行研究。从而起到补充以及延伸小
尺寸实验结果的作用。本节首先对 FDS模型设置进行描述。 
5.3.1 物理模型与计算网格 
第三章提到论文研究空气幕挡烟性能，基于空气幕安装在一狭长通道的顶部，
用来阻挡烟气向下游蔓延的情况，从而保证下游狭长通道内不受烟气侵扰，保证
人员疏散的安全。文章选择狭长通道作为基本模型的主要原因是狭长通道常常作
为走廊、地下通道、联络通道等满足人员通行功能的一种重要空间类型出现在各
类建筑中。因此，研究狭长通道内的空气幕挡烟问题，其研究成果具有普遍意义。
此外，采用狭长通道作为论文研究空气幕挡烟的空间载体的优点还包括：狭长通
道内的烟气流动方向与人员疏散方向一致，其火灾场景较为危险，具有典型性以
及狭长通道建筑结构简单，利于小尺寸实验台以及数值模拟物理模型的建立。因
此，论文选取狭长通道这一建筑空间类型，开展空气幕的挡烟性能的研究。因此
本章 FDS模拟的物理模型如图 5.12上图所示，该物理模型依据小尺寸实验台所建，
几何尺寸完全与小尺寸实验台一致。 
下图为数值模拟计算网格示意图。由于空气幕喷口与整体的物理模型比起来
几何尺寸较小，且射流区域为研究重点区域，因此采用局部加密网格的方法
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（Partial-refinement meshing technique）来解决计算精度与计算资源的矛盾问题。
具体做法为靠近喷口的区域采用△=0.2cm 的正方形均匀网格，距离喷口较远的区
域采用△=0.4cm的正方形均匀网格。此外的其他区域采用△=0.8cm的正方形均匀
网格。因此，该模拟总体的网格个数约为 130万，采用 22线程的并行计算进行求
解。 
由第四章可知，△=0.2cm时，模拟的最小空气幕宽度 W=2cm时，W/△=10，
满足计算精度。此外，该网格方案网格尺寸最大区域△=0.8cm同时也满足 FDS推
荐的一般计算网格精度，即𝐸𝐸∗ ∆⁄ = 4 − 16 时，计算结果能够准确描述各参数的变
化，一般取 10 [141]，D *为火源特征直径。 
 
 
图 5.12 FDS数值模拟的实验台示意图（上）及计算网格（下）。 
Fig. 5.12 Geometry of the experimental tunnel (Top) and computational mesh (Bottom) in the 
numerical simulations (Smokeview). 
 
5.3.2 边界条件 
该 FDS 物理模型的左右两端设置为开敞的“OPEN”边界，表示为与外界大
气相通。另外四个面设置为固体“SOLID”边界条件，详细的固体材料特性如表
5.1所示。 
实验采用液化石油气(LPG)作为燃料，采用直径为 16cm 的圆形燃烧器作为模
拟火源。FDS 模拟中建立一个与燃烧器形状一致的圆形固体表面与底面齐平，从
此火源表面喷射气体燃料燃烧从而来模拟液化石油气在燃烧器的燃烧。通过给定
FDS相应的固定火源功率来模拟实验中不同火源功率的情况。 
在正式模拟开始前还对火源的辐射率（Radiative fraction）进行了敏感性研究。
表明辐射率为 30％（FDS中的默认设置）适用于液化石油气的燃烧。需要指出的
是，根据 Tewarson[142]的测量，丙烷（C3H8）和丁烷（C4H10）的辐射率分别为 28.6％
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和 30.5％。对于主要由丙烷和丁烷混合气体组成的液化石油气，其平均组成约为
35％的丙烷和 65％的丁烷[143]。因此，其混合气体的辐射率约为 30％，这再次说
明了 FDS模拟中辐射率设置为 30％的合理性。 
对于空气幕平面射流的模拟，已在上一章中做了详细的讨论。这里利用上一
章的结论对空气幕射流进行设置。即增加入口管段长度为 2W 同时采用抛物线入
口速度曲线且采用合成涡流边界条件（SEM）[116]模拟空气幕射流能在节省计算资
源的同时满足计算精度的要求。 
 
表 5.1 固体材料特性表 
Table 5.1 Summary of solid material properties 
材料 厚度 (m) 
比热 
(kJ/kg·k) 
导热系数 
(W/m·k) 
密度 
(kg/m3) 
发射率 
不锈钢 0.00125 0.46 45.8 7850 0.074 
防火玻璃 0.005 0.84 0.76 2700 0.92 
 
5.3.3 湍流模型 
论文提到 FDS采用大涡模拟（LES）技术对湍流进行模拟。上一章已经对 FDS
中的湍流模型进行了探讨。本章将采用动态 Smagorinsky湍流模型进行后续的模拟，
因为模型的参数 Cs无需再进行人为设置。有关湍流模型影响的具体细节已经在论
文第三章进行了讨论，亦可参见文献[144]。 
 
5.3.4 数值模拟方案 
数值模拟方案如表 5.2所示。模拟方案 Case 1-6分别对应小尺寸实验 Test 1、
Test 11、Test 21、Test 31、Test 41、Test 51，即空气幕未开启的时顶棚射流的数值
模拟。模拟方案 Case 7、Case 8对应小尺寸实验 Test 2，用于讨论空气幕数值模拟
时，设置合成涡流法边界与不设置合成涡流法边界的两种情况。模拟方案 Case 9-18
以及Case 19-28分别对应小尺寸实验Test 1-10以及Test 11-20，模拟方案Case 29-38
为增加的火源功率为 5.02kW 的补充模拟。最后模拟方案 Case 39-43 以及 Case 
44-103为增大射流速度以及增大喷口宽度的补充模拟。模拟结果分析见 5.4和 5.5
节。 
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表 5.2 FDS数值模拟方案 
Table 5.2 FDS simulation scheme 
模拟 
宽度  
(cm) 
火源功
率 (kW) 
空气幕射流速度 
(m/s) 
环境温度  
(oC) 
对应小尺寸
实验及备注 
Case 1 
3 
3.62 
0 
24.21 Test 1 
Case 2 2.92 27.77 Test 11 
Case 3 
2 
3.62 29.90 Test 21 
Case 4 2.92 27.58 Test 31 
Case 5 
1 
3.62 30.23 Test 41 
Case 6 2.92 31.74 Test 51 
Case 7 
3 3.62 0.98 23.93 
Test 2  
(设置合成涡
流边界) 
Case 8 
Test 2 
(不设置合成
涡流边界) 
Case 
9-18 
3 3.62 
0、0.98、1.49、1.94、
2.38、2.81、3.24、3.66、
4.07、4.47 
24.21、23.93、24.09、
24.13、23.69、23.96、
23.97、24.14、24.27、
24.15 
Test 1-10 
Case 
19-28 
3 2.92 
0、0.98、1.49、1.94、
2.38、2.81、3.24、3.66、
4.07、4.47 
27.77、23.93、24.09、
24.13、23.69、23.96、
23.97、24.14、24.27、
24.15 
Test 11-20 
Case 
29-38 
3 5.02 
0、0.98、1.49、1.94、
2.38、2.81、3.24、3.66、
4.07、4.47 
24.21 
增大火源功
率 
Case 
39-43 
3 3.62 5、6、7、8、9 24.21 
增大射流速
度 
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模拟 
宽度  
(cm) 
火源功
率 (kW) 
空气幕射流速度 
(m/s) 
环境温度  
(oC) 
对应小尺寸
实验及备注 
Case 
44-58 
4 3.62 
0、0.78、1.23、1.64、
2.04、2.42、 
2.79、3.15、 
3.52、3.87、 
5、6、7、8、9 
24.21 
增大射流速
度与喷口宽
度 
Case 
59-73 
6 3.62 
0、0.50、1.00、1.50、
2.00、2.25、2.50、2.75、
3.00、3.25、3.50、3.75、
4.00、4.25、4.50 
24.21 
增大射流速
度与喷口宽
度 
Case 
74-88 
10 3.62 
0、0.50、1.00、1.25、
1.50、1.75、2.00、2.25、
2.50、2.75、3.00、3.25、
3.50、3.75、4.00  
24.21 
增大射流速
度与喷口宽
度 
Case 
89-103 
14 3.62 
0、0.50、1.00、1.25、
1.50、1.75、2.00、2.25、
2.50、2.75、3.00、3.25、
3.50、3.75、4.00  
24.21 
增大射流速
度与喷口宽
度 
 
5.4 FDS数值模拟的小尺寸实验验证 
为了获得可靠的 CFD结果，首先通过小尺寸实验数据分别对火灾场景以及空
气幕的 FDS数值模拟做进一步验证。验证主要包括狭长通道顶棚纵向温度分布，
断面中心线上垂直温度分布以及烟气层高度等参数的一致性。随后可再进一步利
用 CFD对空气幕挡烟性能研究做补充，即增大火源功率，空气幕射流速度，宽度
等。 
首先讨论空气幕未开启，即只有火源的情况。如上所述，热电偶沿纵向布置
在狭长通道顶棚下方 1cm处，以测量顶棚纵向烟气温度分布。图 5.13显示了所研
究的两个火源功率的实验测量结果和 FDS模拟结果之间的比较。上图为不同环境
温度下，HRR = 3.62 kW的结果（即 Test 1、Test 21和 Test 41），下图为不同环
境温度下 HRR = 2.92 kW的结果（即 Test 11、Test 31和 Test 51）。从图 5.13可
以看出，首先来自不同测试（Test 1、Test 21和 Test 41以及 Test 11、Test 31和
Test51）的实验数据彼此紧密重叠，反映了小尺寸实验的良好可重复性，同时也说
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明了环境温度对实验结果的影响几乎可忽略不计。此外 FDS结果总体上与实验数
据有很好的一致性。然而，在火源正上方的位置 FDS的预测值较实验值低。 
 
 
(a) HRR=3.62 kW 
 
(b) HRR=2.92 kW 
图 5.13顶棚下方 1cm处纵向烟气温度分布实验测量结果和 FDS模拟结果对比 
Fig. 5.13 Comparisons of experimental data to FDS results on the time averaged longitudinal smoke 
temperature distribution at 1 cm below the ceiling. 
 
另外，还在通道的截面中心线沿垂直方向（Z方向）上布置了 7串热电偶，用
来观察烟气层的垂直温度分布。 图 5.14表示两个火源功率、不同环境温度下，距
离火源不同距离的截面中心线上烟气层的垂直温度分布的比较。同样，也可以看
出环境温度对实验结果的影响很小。同时，实验和 FDS模拟之间温度曲线具有较好
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的一致性。 
以上顶棚纵向温度分布以及各断面中心线上烟气层的垂直温度分布的比较可
以看出 FDS模拟与小尺寸实验结果具有较好的一致性。 
 
 
(a) HRR=3.62 kW 
 
 
(b) HRR=2.92 kW 
 
图5.14 距离火源不同距离的截面中心线上烟气层的垂直温度分布的实验测量结果和FDS模拟
结果对比 
Fig. 5.14 Comparisons of experimental data to FDS results on the time averaged smoke temperature 
distribution across different sections.  
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烟气层界面高度是顶棚射流的另一个重要参数。实验中获得的烟层界面高度
（N百分比法[145]）和 FDS的模拟结果的比较如图 5.15所示。对于 N百分比法，
选择三个最常用的 N值 15,20和 30 [146, 147]进行比较。可以看出实验所得到的烟层
界面高度随着 N值的减小而减小，与文献[2, 146]一致。另外，对比图 5.15每列的子
图，可以看出，烟层界面高度不受环境温度的影响。这也再次说明了小尺寸实验
的可重复性较好。对比图 5.15 每行的子图可以看出火源热释放速率对烟层界面高
度的影响很小，与[103]的结论一致。在 N = 15-20时，模拟和实验之间的烟气层界
面高度达到了很好的一致性。再一次验证了模拟的可靠性。 
 
 
图 5.15烟气层高度的实验与 FDS模拟对比 
Fig. 5.15 Comparision of smoke layer Interface height for ceiling jets obtained from experiment and 
FDS 
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为了尽可能地接近真实地模拟空气幕平面湍流射流且考虑实际应用上的可行
性，需要尽量节省计算成本。如上一章的讨论可知，需在实际射流出口的上游增
加长度为 2W 的入口管段，以此保持射流的轴向运动。同时应采用抛物线入口速
度曲线用以模拟真实情况的射流出口速度曲线。且还需采用合成涡流的方法（SEM）
来尽可能地模拟真实的湍流特性。 
图 5.16和图 5.17表示了实验数据与模拟结果之间的比较。模拟结果分为采用
SEM 方法以及不采用 SEM 方法的两种情况。顶棚纵向烟气温度分布如图 5.16 所
示，距离火源不同距离的截面中心线上烟气层的垂直温度分布如图 5.17 所示。结
果表明，采用 SEM方法的模拟结果比不采用 SEM 方法的模拟结果与实验数据更
加吻合。因此，图 5.16与 5.17再一次证明了采用合成涡流的方法来模拟真实的湍
流特性的必要性。 
 
 
图 5.16采用 SEM对顶棚下方 1cm处纵向烟气温度分布的影响（与实验数据比较） 
Fig. 5.16 Impact of the application of SEM on the time averaged smoke temperature distribution 
along the longitudinal direction at 1 cm below the ceiling (experiment data was added for 
comparison) 
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图 5.17采用 SEM对距离火源不同距离的截面中心线上烟气层的垂直温度分布的影响（与实验
数据比较） 
Fig. 5.17 Impact of the application of SEM on the time averaged smoke temperature distribution 
across different sections (experiment data was added for comparison) 
 
对小尺寸实验 Test 1-10 (HRR=3.62kW) 和 Test 11-20 (HRR=2.92kW)进行了
FDS验证性数值模拟，并且增加一组火源功率为 HRR=5.02kW的 FDS数值模拟作
为对比。通过小尺寸实验与 FDS 数值模拟得到的平均挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎与动量比 R
的对比结果如图 5.18所示。从图可以看出 FDS数值模拟结果与小尺寸实验结果较
吻合。FDS 数值模拟结果验证了小尺寸实验的结果，即不同的火源功率的无量纲
平均挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎与动量比 R的曲线重合。意味着空气幕参数固定时，不同火源
功率 HRR下空气幕的挡烟效率与动量比 R有关，当 R ≈ 10时，挡烟效率达到最
大值。 
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图 5.18小尺寸实验与 FDS模拟得到的平均挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎与动量比 R的关系对比(W = 3 cm) 
Fig. 5.18 Comparison of experimental results with FDS simulations on the average sealing 
effectiveness 𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎 versus momentum ratio R. (W = 3 cm) 
 
5.5 挡烟性能的 FDS数值模拟分析 
5.5.1挡烟性能初步分析 
采用 CFD模拟软件进行数值模拟的优点是能够比小尺寸实验获得更多的数据
信息，例如整个实验过程的温度场，速度场以及烟气分布场等完整的模拟数据以
及现象。作者在小尺寸实验的基础上，用 FDS对小尺寸实验 Test1-10进行了数值
模拟。图 5.19 表示小尺寸实验 Test1-10 相同条件的 FDS 数值模拟准稳态瞬时
（t=100s），狭长通道测试区域中心对称面温度分布图。图 5.19 从上到下，空气
幕的射流速度依次增大。可以看出随着空气幕的射流速度逐渐增大，空气幕与烟
气顶棚射流作用后的偏角逐渐减小，空气幕上游（靠近火源）与下游（被空气幕
保护的区域）的温度差逐渐增大，空气幕的挡烟效果逐渐增强。 
图 5.20表示了 Test10的 FDS数值模拟准稳态瞬时（t=100s）3D烟气分布场。
3D烟气分布图与流场温度分布的结果类似。从图中可以看出空气幕射流速度足够
大时，烟气能够较好地被限制在上游区域，空气幕的下游区域几乎没有烟气。因
此，图 5.20 从可视化角度形象地展现了空气幕的挡烟能力。其他模拟方案的烟气
分布场结果类似，论文不再列出。 
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图 5.19小尺寸实验 Test1-10的 FDS数值模拟准稳态瞬时（t=100s）狭长通道测试区域中心对
称面温度分布图 
Figure 5.19 Instantaneous temperature contours at (quasi-)steady state condition (t=100s) in the 
symmetry plane of the test section. From top to bottom: FDS modelling of Test 1-10 
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图 5.20 Test10的数值模拟准稳态瞬时（t=100s）3D烟气分布图 
Figure 5.20 Instantaneous 3D smoke distribution at (quasi-)steady state condition (t=100s) 
 
5.5.2挡烟效率 
如论文 5.3节所述，无量纲量（动量比 R）是一个重要参数。此外，对于垂直
送风空气幕，挡烟效率与空气幕喷口宽度W有关。小尺寸实验仅对喷口宽度为 1cm、
2cm、3cm且送风速度为 0-7.72（动量比 R=0-27）的情况进行探讨。本小结将利用
FDS对更多的喷口宽度 (W=1, 2, 3, 4, 6, 10, 14 cm, L=32cm)以及范围更大的空气
幕送风速度（动量比 R=0-60）进行探讨。 
定义空气幕喷口的形状系数（aspect ratio）AR=W/L，W为喷口宽度，L为喷
口的长度。不同形状系数 AR的平均空气幕挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎和动量比 R之间的关系
如图 5.21所示。通常，随着动量比 R的增加，所有挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎曲线都会增加，
当 R增大到一定值时（R=10-15），如图 5.21的灰色底纹区域，挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎会
逐渐趋于稳定。可以定义达到此稳定值的动量比为“有效动量比”（𝑅𝑅𝑒𝑒𝑒𝑒）。从图
中可以看出，如果动量比 R再继续增大，超出此范围，挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎又会逐渐增
大。然而如论文 5.3节所述，不是动量比 R越高越好。R越高，由于空气幕射流撞
击地面，卷吸新鲜空气供给上游火源就越多。在通风不足的火灾情况下，这种情
况可能会助长火势，导致更加危险的情况发生。此外，从实际应用角度来看，速
度过高的空气幕不仅不经济且不适宜人员疏散。 
形状系数 AR 与在有效动量比 𝑅𝑅𝑒𝑒𝑒𝑒 处获得的平均挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎之间的关系
如图 5.22所示。平均挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎与形状系数 AR的曲线服从指数上升的函数关
系。通过回归分析，拟合函数曲线如下： 
𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎 = −0.29 + 1.27（1 − 𝑅𝑅−6.9𝐴𝐴𝐴𝐴）             (5.5) 
从而可以得出，为了避免 𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎 < 0，必须使得空气幕喷口的形状系数𝐴𝐴𝑅𝑅 >0.05。且当𝐴𝐴𝑅𝑅 = 0.25时，在有效动量比 𝑅𝑅𝑒𝑒𝑒𝑒 处获得的平均挡烟效率 𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎 约为
80％。 
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图 5.21不同形状系数 AR的平均空气幕挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎和动量比 R之间的关系 
Fig. 5.21 Average sealing effectiveness 𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎 versus momentum ratio R 
 
 
图 5.22形状系数 AR与在有效动量比𝑅𝑅𝑒𝑒𝑒𝑒处获得的平均挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎之间的关系 
Fig. 5.22 Aspect ratio AR versus average sealing effectiveness 𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎 obtained at the effective 
momentum ratio R 
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5.6 空气幕设计初步框架 
 
 
图 5.23挡烟空气幕的设计流程图 
Fig. 5.23 Flow chart of the air curtain design for smoke confinement 
 
对于挡烟空气幕的应用设计，首先可以通过实际空气幕挡烟的应用场景来判
断是否采用垂直射流空气幕或非垂直射流空气幕：根据实际判断火灾发生时的位
置以及空气幕需要保护的区域，如果火灾发生的位置可预知，那么推荐采用射流
角度为 30°的非垂直射流空气幕。如果火灾发生的位置无法预知的，那么建议采
用垂直射流空气幕。综上所述，根据论文的研究结果，总结垂直射流挡烟空气幕
的设计流程如图 5.23所示。具体过程如下： 
①设定空气幕的挡烟效率。在空气幕的设计过程中，需要预先指定可接受的
（预期的）空气幕挡烟效率。然后，根据平均挡烟效率𝑬𝑬𝒎𝒎𝒆𝒆𝒍𝒍𝒎𝒎预测模型（公式 5.5）
计算出空气幕喷口的形状系数 AR。 
②计算空气幕喷口尺寸。根据上一步骤计算出的空气幕喷口的形状系数AR 以
及依据空气幕应用场景的建筑几何尺寸，可以进一步计算出空气幕的喷口长、宽
尺寸。 
③计算空气幕射流速度。根据有效动量比（𝑹𝑹𝒆𝒆𝒆𝒆 = 𝟏𝟏𝟏𝟏 − 𝟏𝟏𝟏𝟏）与特定火灾场景下
的火源功率 HRR，可以计算出所需空气幕的射流动量。再依据计算出的空气幕喷
口尺寸，可以最终得到空气幕的射流速度。 
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5.7 小结 
本章主要通过小尺寸实验和 FDS数值模拟相结合的方法，对空气幕挡烟性能
进行研究。分析了不同火源功率 HRR，空气幕射流速度，空气幕喷口宽度和空气
幕射流角度等参数的影响。得到这些参数对空气幕挡烟性能的影响规律，建立了
空气幕的应用设计的初步框架。本章的主要结论如下： 
①空气幕挡烟，无量纲动量比 R 是一个重要参数。当火源功率变化时，通过
改变射流速度，使动量比 R 保持不变，可以实现不同火源功率下等效的空气幕挡
烟效率。为挡烟空气幕应用过程中的射流速度调节，提供理论依据。 
②空气幕挡烟效率整体随着动量比 R 的增大而升高，经历快速升高、趋于稳
定、缓慢上升的三个过程。定义有效动量比为空气幕挡烟效率经历快速升高并逐
渐趋于稳定时的拐点（𝑅𝑅𝑒𝑒𝑒𝑒 = 10 − 15），此时挡烟效率达到最佳值； 
③当动量比 R 一定时，空气幕的挡烟效率与喷口宽度以及射流角度有关。挡
烟效率整体随着喷口宽度（形状系数 AR）以及射流角度的增大而增大； 
④对于火灾发生的位置确定为空气幕的某一侧时，推荐采用射流角度为 30°
的非垂直射流空气幕。对于火灾发生的位置无法预先确定在空气幕的哪一侧的，
建议采用垂直射流空气幕； 
⑤对于垂直射流空气幕，形状系数 AR 与在有效动量比𝑅𝑅𝑒𝑒𝑒𝑒处获得的平均挡烟
效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎之间的关系服从指数上升的函数关系。根据此平均挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎预测
模型，可以通过预期挡烟效率计算出喷口形状系数 AR，从而确定喷口尺寸； 
⑥提出了初步的挡烟空气幕的应用设计方法及步骤。 
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6 结论与展望 
 
6.1 论文结论 
论文在空气幕平面湍流射流理论的基础上，提出了空气幕射流的数值模拟方
法，以 FDS软件为平台讨论了数值模拟中射流喷口的边界处理方法以及在入口边
界使用合成涡流法模拟平面湍流射流的可行性与可靠性。通过小尺寸实验和 FDS
数值模拟相结合的方法，着重对空气幕挡烟下游区域的温度分布、挡烟效率及其
影响因素进行了研究。论文主要研究工作及结论如下： 
①提出了空气幕平面湍流射流中喷口的数值模拟边界处理方法 
通过与前人研究数据的对比，采用 FDS数值模拟空气幕平面湍流射流，需对
射流喷口的边界进行延伸处理，即在射流出口的上游增设入口管段，可满足射流
的流动特性。 
②提出了射流喷口边界采用合成涡流法模拟平面湍流射流特性的方法及合成
涡流方法中参数的设置 
FDS 数值模拟空气幕平面湍流射流时，需对速度入口湍流边界条件采用合成
涡流法。在满足空气幕数值模拟准确性的同时可缩短入口管段长度。研究得到了
合成涡流方法中相关参数对射流流动特性的影响及其相关参数的设置。 
③引入影响空气幕挡烟性能的重要参数：动量比 R、形状系数 AR 和射流角
度 θ的定义 
定义了表征空气幕与顶棚射流相对作用力大小的无量纲量动量比 R；表征空气
幕射流的稀释效应大小的无量纲量形状系数 AR 以及表征射流横向动量大小的射
流角度θ。 
当火源功率变化时，可以通过调节空气幕射流速度，使动量比 R 保持不变，
从而实现不同火源功率的相同的空气幕挡烟效率。空气幕的挡烟效率与喷口宽度
以及射流角度有关。挡烟效率整体随着喷口宽度（形状系数 AR）以及射流角度的
增大而增大。 
④提出有效动量比 𝑹𝑹𝒆𝒆𝒆𝒆 的概念及其取值范围 
空气幕挡烟效率随着动量比 R 的增大，经历快速升高、趋于稳定、缓慢上升
的三个过程。有效动量比是指空气幕挡烟效率经历快速升高并逐渐趋于稳定时的
拐点，其值在10 − 15的范围之间，此时挡烟效率最佳。 
⑤提出局部挡烟效率𝑬𝑬𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍与平均挡烟效率𝑬𝑬𝒎𝒎𝒆𝒆𝒍𝒍𝒎𝒎用于评价空气幕挡烟性能，
并建立了垂直射流空气幕平均挡烟效率𝑬𝑬𝒎𝒎𝒆𝒆𝒍𝒍𝒎𝒎预测模型 
提出局部挡烟效率𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙与平均挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎，用于评价空气幕的挡烟性能。
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垂直射流空气幕，形状系数 AR与在有效动量比𝑅𝑅𝑒𝑒𝑒𝑒处获得的平均挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎之
间的关系服从指数上升的函数关系：𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎 = −0.29 + 1.27（1 − 𝑅𝑅−6.9𝐴𝐴𝐴𝐴）。 
⑥空气幕应用设计的初步框架 
基于挡烟效率达到最佳值的有效动量比𝑅𝑅𝑒𝑒𝑒𝑒以及平均挡烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎的预测模
型，构建了垂直射流挡烟空气幕应用设计的初步框架。 
 
6.2 论文创新点 
①提出了空气幕平面湍流射流中喷口的数值模拟边界处理方法及射流喷口边
界采用合成涡流法模拟平面湍流射流特性的方法。 
②提出了影响空气幕挡烟性能的动量比R和有效动量比𝑅𝑅𝑒𝑒𝑒𝑒两个无量纲参数的
概念，且得到了有效动量比𝑅𝑅𝑒𝑒𝑒𝑒的取值范围。 
③提出了评价空气幕挡烟效率的量化指标，即，局部挡烟效率𝐸𝐸𝑙𝑙𝑙𝑙𝑐𝑐𝑎𝑎𝑙𝑙与平均挡
烟效率𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎。并获得了垂直射流空气幕基于有效动量比范围内的平均挡烟效率
𝐸𝐸𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎预测模型。 
 
6.3 研究展望 
空气幕平面射流的 FDS数值模拟方法及验证对利用数值模拟手段开展消防安
全科学研究的方法具有借鉴作用。同时，研究空气幕的射流参数对空气幕挡烟性
能的影响对建筑消防安全具有重要意义。由于空气幕挡烟效率的影响因素较多，
各个影响因素之间的相互作用极为复杂，论文存在的不足之处及需进一步研究的
科学问题如下： 
①由于时间限制，论文侧重于垂直射流空气幕的研究。对于非垂直射流空气
幕，仅对一个固定射流宽度下的空气幕射流角度的影响进行讨论，对空气幕射流
角度的影响侧重于定性总结。未来可结合空气幕喷口宽度对射流角度做进一步研
究。 
②由于空气幕挡烟效率的影响因素较多，论文仅依托两端开敞的狭长通道对
空气幕射流的速度、角度、喷口宽度、火源功率等因素进行了讨论，未来可开展
不同建筑类型的影响研究。 
③论文重点在于对空气幕挡烟效率的影响的基础研究，仅开展了自然通风模
式下的烟气流动以及空气幕挡烟实验。未来可结合建筑防排烟系统，对空气幕挡
烟系统的综合性能进行研究。
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